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THE IMPORTANCE OF GEOPHYSICS TO 
SUBMARINE GEOLOGY 

RICHARD M FIELD 

Chairman, Committee on Geophysical and Geological 
Study of Ocoan Basins A G G U 

Because of the magnitude of the subject and the large 
number of papers, for the time allowed, each speaker can 
hardly hope to do more than outline the essential mattei 
within his potential held I shall, therefore, make my re¬ 
marks as brief as possible, with no desire to “beg the argu¬ 
ment” or to present conclusions previous to the evidence 
from which they may be pioperly deduced 

Submarine geology, or the exploration of the submarine 
and suboceamc lithosphere, is not properly a subdivision of 
oceanography, except m so far as it makes use of the experience 
of individuals and the equipment of institutions engaged in 
the physical, chemical, and biological stud> of marine and 
oceanic waters Submarine geology differs only fiom ter¬ 
restrial geology by the methods employed in mapping and 
sampling a major portion of the surface of the earth which is 
covered with water, from a few feet to several miles in depth 
Until quite recently, the geologist has had neither the oppor¬ 
tunity nor the machinery for exploring the topography, 
sedimentation, lithology, and structure of the suboceamc 
lithosphere In fact, he was worse off than the astronomei 
who, even if he can not collect specimens of the moon, can 
at least photograph and map the major features of a complete 
sample (one-half) of its entile surface This inability to ac¬ 
quire even fundamental physiographic data for the great sub¬ 
oceamc areas has unquestionably led geologists to consider 
them relatively negligible or negative as compared with the 
continents, whose stratigraphical and structural evolution is 
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becoming increasingly well known. This influence of ignorance 
is clearly expressed in such opposed major geological hy¬ 
potheses as “the permanency of ocean basins” and “continen¬ 
tal drift,” both of which, however, include the postulate that 
the ocean basins never were dry land. This postulate of the 
permanency of ocean basins is all the more intriguing, for, 
since the suboceamc lithosphere must have been affected by 
dcformative processes, topographic maps of significant areas 
will allow the geologist to study the contours of strongly 
pronounced folds and scarps which, as they developed, have 
not been subjected to erosion On the other hand, if such a 
significant area as the middle Atlantic ridge ib proved to 
have a distinctly subaenal topography, such information will 
tend to weaken the postulate of the permanency of the 
Atlantic ocean basin For several reasons, it would be 
interesting to compare and contrast the physiographies of the 
Suballantic and Subpacific lithosphere To put it still more 
plainly, any accurate topographic data regarding the sub¬ 
ocean lithosphere are bound to be of great geologic importance 
It is interesting to note that the theory of isostasy is 
particularly significant for two reasons First, because of 
geological and geophysical evidence as to the structural 
evolution of continents, and, second, because of geophysical 
data concerning both continents and ocean basins Thus a 
peculiar importance of the theory of isostasy is that it is the 
outstanding attempt to explain the origin and evolution of 
the major structural features of the lithosphere in terms of 
coordinated geological and geophysical data Many geolo¬ 
gists have quite properly claimed that many of the structural 
features of continents, especially great folds and overthrusts 
can not be either directly or indirectly due to isostasy, and, 
therefore, it is not an all-inclusive factor or complete modus 
operandi for explaining diastrophism, including the origin of 
mountains On the other hand, the support obtained for 
isostasy by the coordination of gravity data and geological 
observations has quite recently spurred a few geologists to 
include gravimetric and other geophysical techniques in their 
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surveys for fundamental structures, both continental and sub- 
oceanic, with remarkably interesting results 

The keynote of this symposium on suboceamc geology is 
geophysics. This is true for two reasons First, because 
geophysical methods are the best for mapping the topography 
of the ocean bottom, and, second, because only geophysical 
methods may be employed to determine the composition and 
structure of the suboceamc lithosphere What, therefore, is 
geophysics? 1 According to Dr G Angenheister, Director of 
the Geophysical Institute of the University of Gottingen, the 
word “geophysik” appeared in Meyei’s Conversatsionslencon, 
published m 1853 The term must have been in use some¬ 
time before that. Both A Muhry (1863) and K Loppntz, 
Sr., aided in procuring its general acceptance Among the 
first comprehensive treatises in the English language on the 
subject is The Physics of the Crust, by G Osmund Fisher, 
published in 1861 The scope of geophysics is broad and 
difficult to define, especially in relation to geology. It is im¬ 
portant to note that geophysics is not necessarily synonymous 
with physical chemistry, And, therefore, with geochemistry, 
although both are intimately related to geology In the field 
of geophysics, the many methods and techniques are classified 
as either acoustic, gravimetric, seismic, magnetic, electric, 
geothermal, or radioactive All of these methods have been 
applied to the study of the structure of continents More 
recently several of these methods have been applied to the 
study of the suboceamc crust of the earth, and all of them 
may soon be as effectively and accurately controlled from a 
ship or from a submarine as they now are from the dry and 
stable platform of the land 

Dunng recent years geophysical techniques have been 
highly developed, particularly in relation to prospecting for 
petroleum through the mapping of subsurface geological 
structures, the traces of which may, or may not, be exposed 
at the surface of the earth. With the possible exception of 
atomic and astronomical physics 'and certain phases of 

1 Geophysics Encyclopedia of Science, Von Nostrand, 1038 
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meteorology, the greatest field of geophysics has been the 
development of classical physics as applied to problems m 
geodesy and structural geology, both fundamental and eco¬ 
nomic. Today, geophysics bridges the gap between physics 
and geology. Thus geophysics is not a “borderline science” 
because its methods and derived data are properly interpreted 
only in terms of structural geology Geophysical methods, 
therefore, are among the many, including those of geo¬ 
chemistry, paleontology, mineralogy, petrology, etc , which 
are available to the geologist in his study of earth processes 
and earth history 

The geologist has discovered that the history of the earth 
is expressed not only in the present irregularities of its surface, 
but also in the rocks out of which the present surface has been 
can ed by the several processes of erosion While many of 
these rocks were originally formed at or near the surface of 
the earth, some of them show evidence of having been sub¬ 
sequently buried to a depth of ten to twelve miles before they 
were again exposed at the suiface Thus the geologist is 
reasonably sure that he has available at the surface of the 
earth samples of practically all types of rocks which have 
been formed throughout the geological history of the earth 
This great history of the conflict between processes of dias- 
trophism, its accompanying vulcamsm, and the processes of 
denudation is wntten m terms of structural geology, as dis¬ 
closed by the arts of the stratigrapher and structural geologist 
The geologist and geophysicist in their studies of continents 
have discovered that by working together they can extend 
both the depth and area of their structural survey of the 
crust of the earth, and thus greatly add to our knowledge of 
its history 

Thus the increasing success of geophysical methods is 
largely, if not entirely, due to the mutual education and close 
cooperation of geologists and geophysicists The primary 
responsibility of the geologists has been to determine the 
areas to be surveyed and the manner of their surveying, and 
to help the geophysicists interpret their data m terms not 
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only of petrology but rather of structural geology The 
duty of the geophysicists has been to adapt and develop the 
application of experimental physics to the geophysical explora¬ 
tion of the earth’s crust, and to suggest to the structuial 
geologist new methods and techniques for extending the area 
as well as the depth of his surveys During the development 
of this geophysical-geological cooperation, there naturally and 
properly arises, from time to time, considerable debate as to 
the relative values of the purely geophysical and purely 
geological data This debate has not only greatly advanced 
our knowledge of the stiuctural geology of continents, but has 
also expanded the held of geophysics 

In considering the exploration of the suboeeanie crust, 
we must take into account the special features of the problem 
First, in terms of the relatively small amount of available 
physiographical and geological data concerning the sub- 
oceanic as compared with the continental crust second, in 
terms of existing geological hypotheses and theories advanced 
to explain the origin of continents and ocean basins, and, 
third, in reference to the present and future possibilities of 
geophysical methods of obtaining accurate data concerning 
the physiography and structure of the 71) to XO per cent of 
the crust of the earth which is covered by v>ater and ice The 
outstanding geological problem is the permanency of oceanic 
basins, and it is doubtful if this problem can be solved by 
the study of the continents and oceanic islands alone 

Many, if not most, of the major continental structures 
border the continents, and most continental structures cer¬ 
tainly continue beyond the strand line, perhaps even beyond 
the continental margin For example, we now know that the 
structure of the Appalachians not only suggests that the 
thrusting came from the oceanic area, but also that we can 
see only the western side of what was probably a more 
symmetrical and widespread orogeny which was not termi¬ 
nated at the continental margin unless it has been torn away 
from complementary, transatlantic structures This sug¬ 
gestion, affected as it is by the lessons learned from the long 
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study of the Alpine and Seottish-Scandinavian gcosynclines, 
is diametrically opposed to the earlier and simpler concept 
of the origin of the Appalachian geosynchne and its associated 
geanticline, Appalachia Regardless of any, or all, geological 
theories concerning the origin of ocean basins, we should 
attempt to trace known continental structures across the 
submerged continental margins and into the suboceamc 
lithosphere. This is particularly true for the Atlantic Ocean 
basin, the stratigraphic and structural matching of whose 
continental margins has been the chief stimulus to the several 
hypotheses which attempt to explain the major pattern of 
the face of the earth. What we particularly need are physio¬ 
graphic and structural data concerning the Atlantic, Pacific, 
Indian, and Arctic suboceamc crust Can geophysical 
methods help us to acquire these data Fust, by penetrating 
the oceanic waters which cover more than two-thirds of the 
surface of the earth, second, by providing accurate topo¬ 
graphic maps of the suboceamc crust, third, by providing us 
with samples of the sediments wherever they may occur on 
the surface of the topography, and, fourth, and most im¬ 
portant of all, help us to carry our structural studies deep 
beneath the ocean bottom, with the same degree of accuracy 
which is now obtained in the geophysical-structural explora¬ 
tion of the continents. This question is the primary object 
of this symposium and the following toundtable conference 
In closing, I should like to call to your attention a phase of 
the geophysical exploration of the ocean bottom which is of 
considerable political and human interest, namely, that the 
major portion of the earth’s crust constitutes a vast “no 
man’s land,” as yet practically unexplored and either polioed 
or fought over by hundreds of naval vessels which plow the 
waves from one to several miles above its surface. Many of 
these naval vessels, including submarines and mine sweepers, 
are admirably adapted to the geophysical exploration of the 
suboceamc lithosphere Indeed, without such naval assist¬ 
ance, we can not hope to execute a detailed and comprehensive 
survey of even a significant portion of the suboceamc litho- 



IMPORTANCE OF GEOPHYSICS 


7 


sphere with reasonable economy and efficiency Following 
the precedent which has already been set up by the individual 
efforts of the Dutch, British, German, French, Italian, and 
American navies in relation to some gravitational and mag¬ 
netic surveys, is this not an excellent time to suggest that the 
complete geophysical exploration of the ocean bottom is of 
common scientific interest to all nations even if they never can 
hope to take possession of it, any more than the astionomers 
are able to colonize the planets or their satellites 
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Chief, Division of Hydrography and Topography 
U H Coast and Geodetic Survey 

It gives me pleasure to accept the invitation of your 
society to describe briefly the methods used for the offshore 
hydrographic surveys which the Coast and Geodetic Survey 
has been making in recent years The officers of the Coast 
and Geodetic Survey rightly consider the hydrographic sur¬ 
veys conducted for making nautical charts as the routine and 
immediately practical work of the Bureau and regard the 
nautical charts themselves as paramount to the safety of life 
and property at sea It is fortunate, however, that these 
surveys, required for a utilitarian purpose, do have scientific 
value in themselves in addition to the contributions which 
come from the development and use of scientific methods m 
the work, which from time to time bring unexpected additions 
to scientific knowledge The areas dealt with embrace m 
general the continental platforms, submeiged mountains, and 
submarine valleys Although t he regions include only a small 
portion of the great ocean basins, they do represent a relatively 
large share of the oceanographic problems 

The deep ocean basins now appear to have had a similar 
geologic history to the surfaces of the continents above the 
sea The beginning of the period of enlightenment, I believe, 
can be attributed to the application of some methods to 
hydrographic surveys The development of echo soundmg, 
for instance, has been not only a great aid to navigation, but 
it has in turn made it possible to survey many hundreds of 
square miles in less time than required to take a few scattered 
deep soundings by old methods m tise when I joined the 
Survey thir ty-five years ago The other important factor is 

muktodinos or rmi akwuoan rnn-oaoPHicAi, society, 
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the development of radio acoustic ranging for controlling 
hydrographic surveys well out to sea 

At sea beyond the range of visual positions which can be 
obtained from sextant angles on shore tnangulation stations, 
positions of the survey ship have heretofore been subject to 
considerable uncertainty, this uncertainty naturally increasing 
with the distance beyond the limits of the shore control. 
Various methods were attempted and utilized for controlling 
hydrogiaphic surveys out of sight of land, but none of these 
gave satisfactory accuracy of position until radio acoustic 
ranging was developed Soundings made by wire and sinker 
are quite accuiale as to depth when taken under good con¬ 
ditions of weather and sea, but the uncertainty of the actual 
offshore positions until recent yeais often led to erroneous 
deductions from the soundings For example, the few sound¬ 
ings made m the vicinity of the Hudson Submarine Valley 
prior to the work of the past year (1936) indicated an S-shaped 
outer valley This was due m part to the inaccuracies of 
position in some of the earlier soundings and also to the 
scarcity of soundings in the region The work of 1936 has 
proved that the few deep soundings from which the erroneous 
inference was made were taken in an entirely different 
submarine valley to the northeast of the main Hudson valley 
Many other examples could be cited 

Echo sounding instruments now have been developed to 
such a degree that practically a continuous accurate profile of 
the sea bottom under the surveying vessel’s course can be 
obtained The number of soundings to be recorded depends 
almost wholly upon the facility with which they may be 
wutton down m the record Some forms of echo sounding 
instruments actually record the profile of the vessel’s course 
on a graph. It is inteiesting to contrast this modern ease of 
sounding with that of the Challenger Expedition, which on 
the notable cruise between the years of 1873 and 1876 made 
a total of 504 deep-sea soundings, or with the record of the 
Blake between 1874 and 1879 when the then remarkable 
number of 3,195 deep-sea soundings was achieved. Now in 
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contrast, m fifteen working days in the month of July 1937, 
the party on the Coast and Geodetic Survey Ship Lydoma 
recorded 12,498 soundings on the continental slope and 
covered an area of 1,764 square statute miles extending more 
than 150 miles offshore, all of which was precisely controlled 
by radio acoustic ranging and taut wire traverses tied m to 
the shore triangulation net on North American 1927 Datum. 
This included the time required for two trips to port for 
supplies 

During five months in the summer of 1937 the party on 
the Coast and Geodetic Survey Ship Hydrographer covered 
an area in the Gulf of Mexico of 6,513 square miles off the 
Texas coast, recording 82,986 soundings 

Similar results have been accomplished on the Pacific 
coasts of the United States and Alaska Within the past six 
years, 285,000 square statute miles of marine surveys have 
been made of the coastal waters of the United States and 
possessions. This is no inconsiderable portion of the earth’s 
surface While the greatest contribution to science repre¬ 
sented by these surveys probably is the physiographic detail 
mapped in the course of the surveys, there are other results 
valuable to science Bottom specimens have been taken and 
temperature and salinity observations have been made. The 
determination of the characteristics of the ray paths of sound 
waves m sea water, resulting from the experiments made in 
the Santa Barbara Basin off the coast of Southern California 
in 1935 and 1936 by the Coast and Geodetic Survey Ship 
Pioneer, is a contribution of fundamental importance These 
experiments were made primarily to establish the soundness 
of our ray-path theories for further increasing the accuracy 
of radio acoustic ranging and to learn something of the 
anomalies to be encountered m practical some work utilizing 
the velocity of sound in sea water Briefly, the results of 
these experiments confirmed the relation between the apparent 
horizontal velocity of sound and the theoretical velocity 
oorreoted for bottom temperatures ahd salinities in shoal 
water. This relation has been known for some time, and 
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although empirical it has provided a very convenient method 
for use in practical radio-acoustic ranging It was definitely 
established that the sound travels in a senes of reflections 
and refractions, with some diffraction for short distances, and 
that the path is materially affected by the even or uneven 
character of the bottom or steep slopes near the receiving 
hydrophone. 

It was found that the apparent horizontal velocity of 
sound in the open sea is a discontinuous function of the dis¬ 
tance, the magnitude of the discontinuities depending on the 
bottom profile, depth and size of the bombs, and sensitivity 
of the hydrophone With decreasing depth of bottom, 01 
increasing bomb-size, the magnitude of the discontinuities 
decreases and may become negligible under certain conditions 
Many other interesting and valuable facts were disclosed by 
these experiments, a study of which is now being made and 
which it is believed will matenally add to the accuracy and 
efficiency of radio-acoustic ranging methods The British 
Admiralty Tables of theoretical velocities of sound in water 
were verified within two-tenths of one per cent Willi these 
valuable tables confirmed by actual comprehensive tests, one 
can see that the velocity of sound anywheie m the ocean may 
be obtained by temperature and salinity observations, and 
this makes easily available a length or base for any desired 
explorations of limited areas at sea 

Anothei important contilbution comes from the discovery 
of numeious submanne valleys indenting the edges of the 
continental shelves and the establishment of the apparent 
stream-etosion nature of the valleys A few of the more 
prominent ones are illustrated in the accompanying figures. 
The discovery of well dissected submanne regions indicates 
the desirability of further exploration of some of these features 
in other parts of the earth by the methods now at our disposal 
A better conception of the nature of these surveys and the 
practicability of application to studies of the ocean basins can 
be had when the methods are understood Echo sounding is 
almost self-explanatory A description of the development 
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of the various forms of eommercial instruments for this 
purpose is hardly necessary. The mstiuments so fai used by 
the Survey have been commercial forms of the Fathometer, 
slightly modified by out own engmeeis to increase the accu¬ 



racy, except the Dorsey Fathometers which wore developed 
m our laboratoiy Essentially the Fathometer indicates 
depths by measuring the time required foi a sound impulse 
to travel to the sea bottom and for the echo to return This 
usually is done by a flashing light on a rotating disc behind a 
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graduated dial. The accuracy of the instrument depends 
upon the constancy of speed of rotation of the disc, and to 
insure the accuracy desired, a synchronous motor controlled 
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Fig 2 Dorsey Fathometer^No 1, front view 


by a tuning fork is used in the Dorsey Fathometers. The 
sketch in figure 1 illustrates the general arrangement and 
operation of the Fathometer and figure 2 shows the appear¬ 
ance of the indicator. 
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The method of radio acoustic ranging (called R A R for 
brevity) has given a satisfactory and accurate means for 
position determination at long distances from shore It is 
llustrated graphically m figure 3 Two or more radio 
stations on shore are automatically keyed by subaqueous 
impulses received by the hydrophones anchored at some 
distance from shore The surveying vessel, using small bombs 
of TNT, proceeds along the necessary courses sounding with 
fathometer When a position is necessary a bomb is dropped 
overboard The time of explosion is recorded on a chrono¬ 
graph tape on the ship The sound travels through the 
water and when the impulse reaches the hydrophones inshore, 
radio impulses are sent to the surveying vessel and recorded 
upon the same chronograph tape as was the original explosion 
The time interval thus measured, multiplied by the apparent 
horizontal velocity of sound in the water gives the distances 
of the surveying ship from the several hydrophones The 
positions of the hydrophones are always determined with 
reference to the tnangulation on shore On the Atlantic and 
Gulf coastal shelves it has been necessary to place the hydro¬ 
phones well out from shore in order to avoid the senous 
attenuation of the sound experienced in very shoal water 
For this purpose it- has been the practice, until the last year, 
to use station vessels The development of the sono-radio 
buoy has been successful and figure 4 illustrates the method 
of R.A R with sono-radio buoys replacing the station ships 
The sono-radio buoys have been used up to sixty miles 
or more. 

The taut wire apparatus is a device developed by the 
British. It is a large reel of fine wire (usually over 140 
nautical miles) which can be payed out under umform tension 
over a registering wheel or sheave as the surveying vessel 
steams along, thus enabling the surveyors to measure distances 
accurately in water of relatively shoal depths and over 
uniform bottom. 

The sketch m figure 5 illustrates the correlation of the 
various methods used m making a survey over such an 
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Fig 3 Finding position by radio acoustic ranging This diagram illustrates use with shore stations 
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Radio acoustic ranging and echo sounding This diagram illustrates use of sono-radio buoys. 
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to New York, 1936 Illustrates the use of various methods, and shows general 
of Hudson Submarine Valley 
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extensive area. The small circles are positions of survey 
buoys which have been anchored and located by the taut 
wire apparatus They are used as reference stations by the 
surveying vessel as the sounding is carried out When the 
buoys have been anchored approximately in the desired 
positions, as determined by courses and log distances, the 
vessel starts at the inshore end of the row of buoys, for 
instance at the position near Fire Island After anchoring 
one end of the fine steel wire, the vessel’s position is de¬ 
termined by sextant angles measured between tnangulation 
signals on shore, and a run is made along the line of survey 
buoys, paying out the wire under constant tension The 
distances between buoys are read from the counter on the 
sheave as the buoys arc passed The directions between the 
buoys are determined by measuring simultaneously a vertical 
angle between the honzon and the sun, and an inclined angle 
between the sun and a pair of the buoys when the latter are 
on range. This can be done as the vessel steams along full 
speed and a line of echo soundings also obtained. In the 
above case (Fig 5) the traverse thus run, extending south¬ 
eastward 50 miles from Flic Island, thence southwest ward 
57 miles, thence west-northwestward to the vicinity of 
Barnegat Lightship had a closing error of 2 \i feet per mile 
The total length of the traverse was 155 statute miles 
Supplemental traverses were run where necessary to provide 
control for the entire area The line of buoys indicated 
about twelve miles off the New Jersey eoast and parallel to 
the shore was located by frequent visual observations on 
shore tnangulation as well as a taut wire traverse along the 
line of the buoys The heavy black circles indicate points at 
which sono-radio buoys were used. This is the first project 
where the sono-radio buoys were tested for practicability 
under actual radio acoustic ranging. Station ships were used 
during the season, as had been done m previous years, so 
that in case of failure of the new sono-radio buoys no hy¬ 
drography would be lost Outside of the two lines of buoys 
parallel to the coasts about twelve miles offshore, all of the 
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work m this area was controlled by radio-acoustic ranging 
The work of the 1937 season has demonstrated the rehabihty 
of the sono-iadio buoys and it no longer will be necessary to 
use station ships for this purpose 

The Hudson Submarine Valley is shown roughly on this 
hguie by 100-fathom contours in the area outside of 100 
fathoms depth, and 10-fathom contours within 

The interesting formation shown in figuic 0 was surveyed 
in 1936 and lies just, off the mouth of the Mississippi River 
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Fia 8 General configuration off \ lrgmia-Maryland coasts 
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The small hill in latitude 28° 37' N., longitude 89° 33' W. has 
been interpreted as a salt dome uplift by several geologists. 
Numerous other similar formations have been found along 
the edge of the continental shelf in the Gulf of Mexico to the 
westward of this feature 

Figure 7 shows a region m the vicinity of Bogoslof Island, 
Aleutian Islands, Alaska. The contours on this plate are 
25-fathom interval. It is of especial interest because it 
indicates a great volcano rising to the surface of the sea from 
the ocean floor over 5,000 feet below, around the base of 
which two large valleys are indicated The valleys apparently 
were eroded by prehistoric streams subsequent to the forma¬ 
tion of the volcano. 

Figure 8 shows the general configuration of the Virginiar 
Maryland coasts 

The instruments developed in the course of these surveys 
have far-reaching significance in addition to their utilitarian 
value in coastal surveys They supply a long felt need for 
equipment which will provide the facilities to future oceano¬ 
graphic expeditions for developing and surveying remote 
regions of the ocean I am thinking especially of the sono- 
radio buoy, conceived and developed in the Survey This 
little device can be built at a comparatively low cost, and 
expeditions equipped with these units can develop submarine 
features in oceanic areas in detail, using the velocities of 
sound in sea water as basic lengths. The velocities can be 
obtained by physical measurements of temperatures and 
densities In conjunction with the fathometer, or other forms 
of echo sounders, a well equipped oceanographic expedition 
should have adequate means at its disposed to survey in 
detail any feature which may be of interest The portability 
of the sono-radio buoy is illustrated in figure 9 showing a 
complete all metal unit used on the Pacific coast. The 
complete audio and radio parts with necessary batteries are 
contained m the small drum 

I can not commend too highly the valuable reconnaissance 
work in the deep ocean areas conducted by the United States 
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Fig 9 All metal sono-radio buoy. 
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Navy, particularly in the Pacific Ocean This work has 
demonstrated the importance and the practicability of stimu¬ 
lating and encouraging merchant and naval vessels of other 
nations to record deep sea soundings on their passages acioss 
the oceans The U 8 ('oast, (Juard also has made valuable 
contributions to the preliminary knowledge of the submarine 
topography, especially in the Aleutian Islands region and the 



Fig 11 Complete audio and radio unit* of Hono-mdio buoy 


Bering Sea In such a manner, submerged featuies of great 
significance lying outside the continental platforms can be 
discovered and later surveyed in detail by expeditions 
equipped with modern devices Truly, we are m a new era 
of oceanographic exploration The vast regions of the 
earth’s surface lying beneath the sea which have so long been 
the subject of controversies and speculation soon must give 
up part of their secrets 




PRESENT STATUS OF THE PROBLEM OF 
SUBMARINE CANYONS * 

H C STETSON 

Research Afwomtr in Huhmui me (roology, VV noils HoIp Oi eanoRiaphic Institution 

About three quarters of a century ago J D Dana (1% by 
commenting on the existence of a trough lying off the mouth 
of the Hudson River, may be said to have put before the 
geological world a problem to which we Htill do not possess 
the answei His data weie the relatively rough charts, to 
judge by their present day successors, furnished by the U S 
Coast and Geodetic Survey at that period As more of these 
curious gashes were discovered m various parts of the world, 
geological discussion was stimulated, although on the older 
charts the form of the valleys was necessarily shown only as 
vague indentations in the continental slope (2, 3, 4) Here 
the matter rested for some years 

The recharting of Georges Bank by echo sounding was 
the spark which revived the question For the first time a 
really adequate picture of the configuration of the valleys 
was available It is hard to overestimate our debt to the 
U S Coast and Geodetic Survey for the continued develop¬ 
ment of this new technique and for its application to offshore, 
deep-water surveying Today we know the shape of these 
valleys with consideiable exactness, we know their distribu¬ 
tion, in some cases we know their age, but when the word 
origin is mentioned geologists can be counted on to line up in 
two opposing camps It is not so much their size and world 
wide distribution which is disturbing, it is the as yet un¬ 
answerable problems to which they give nee In order to 
account for their origin we are faced with the necessity of 
altering the relationship of land and sea to a seemingly 

* Contribution No 169 of the Wood* Hole Oceanographic Institution 
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impossible extent, or else appealing to submarine currents 
It is becoming apparent, from the data which modern physical 
oceanography is accumulating, that the forces governing 
currents m the present-day oceans are not those which could 
produce the special types required for this work A bottom 
current of a radically different type, brought into existence by 
the peculiar conditions of the Pleistocene, has been postulated 
by Daly This will be discussed later Home of the canyons 
have been dated by means of fragments of fossiliferous rock 
dredged from their walls, and they are found to be relatively 
young Obviously erosional processes on a grand scale were 
m operation only yesterday, but the clues are just as obscure 
as though the cutting had taken place m the Cambrian 

The multiplicity of the theories and the extraordinary 
variety of processes, which have been called upon to produce 
the desired result, give ample testimony that the problem of 
canyon ongin possesses no ready solution The proposals 
range all the way from the interference of celestial bodies to 
density cui rents of an exceedingly complicated type Let us 
now review the chief explanations which have been offered 
in the light of what little factual evidence we possess 

Before the charts of the recent surveys had been pub¬ 
lished, many considered the valleys to be tectomc rather than 
erosional features (5, 6) It is conceivable that a few of them 
can be explained in this way, but in every instance where an 
adequate survey has been carried out such has proved not 
to be the case. Faulting and folding never produce valleyB of 
this shape, and they are certainly not the lunate scars of 
landslides Moat people will agree that they could only have 
been formed by running water, but where, under the air or 
under the sea? (7, 8 ) 

The advocates of subaerial origin have two alternatives 
The land can be elevated or sea level can fall Now that 
the maximum age of the canyons is known, the first hypothesis 
has developed so many obvious difficulties that it has few 
adherents today The extensive grading and general adjust¬ 
ment to present sea-level which the continental shelves 
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display the world over, indicate that they are features of 
considerable antiquity The canyons which notch their 
margins are so similar in general configuration and depth that 
contemporaneous formation is suggested Consequently, 
under this hypothesis, it is necessary to infer that since the 
late Tertiary, the continental margins have been simul¬ 
taneously elevated a matter of 10,000 feet or more, that they 
stayed there a short time, and then sank again to approxi¬ 
mately the original level The affect of such an enormous 
uplift on pre-existing drainage would have to be obliterated 
in the same short interval, since no record of any such dis¬ 
location remains 

Lowering sea level also has its drawbacks It has been 
suggested that the bottom of one or more of the ocean basins 
sank and then returned to its former position, much like a 
piston in a cylinder At present this point is safely beyond 
the reach of argument, for no one knows anything about the 
bottom of any one of the major ocean basins. 

Hess and MacChntock (9) would change the shape of the 
hydrosphere, possibly by retarding the rotational speed of 
the earth, although they admit the difficulties of finding a 
satisfactory cause Could this be effected, sea level would of 
course fall, below a certain critical latitude, with a consequent 
rise above it They start with the premise that no canyons 
are found polewards of latitudes 55° to 60° It has been 
argued however that 35° and not 55°-66° is really the nodal 
point (10, 11). If this is so, the hypothesis breaks down, 
for plenty of canyons arc known north of 35°, and for that 
matter south as well 

One more method of lowenng sea level has been suggested 
—the Pleistocene ice sheets The commonly accepted esti¬ 
mate of the reduction of sea level by this means is of the 
order of 300 feet Shepard (12), however, by enlarging 
known areas of ice accumulation, assuming an average thick¬ 
ness of four miles for the whole sheet, and chiefly by postu¬ 
lating an ice cap for the polar basin, raises the estimate to 
what the conservative considers the almost astronomical 
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figure of 3,000 feet We have no yardstick to serve as a 
basis for discussion of much that he proposes However, 
there are several factors in connection with the formation of 
an Arctic ice cap which deserve mention This cap, to have 
any effect on sea-level, would have to extend to the bottom, 
a distance of two miles or more Otherwise accumulating 
snow and ice on the surface would only sink the sheet deeper 
in the ocean, thereby displacing more water Furthermore, 
the Arctic is today a region of little precipitation, and with 
a perpetually frozen ocean, surrounded by land masses covered 
with snow and ice, would it not be even more and? At best, 
accumulation would be thm compared to that farther south 
In support of his hypothesis Shepard cites some recent work 
by the Russians showing that an ice sheet flowed southwards 
over northern Eurasia However, the whole coast is bounded 
by an exceptionally wide continental shelf The sea over 
this shelf is shallow, and, made even shallower dunng the 
Pleistocene by the withdrawal of water elsewhere, probably 
froze solidly to the bottom Might not this platform be the 
center of accumulation for the southward flowing ice over 
Siberia 7 

Submarine currents of different types have frequently 
been suggested as the excavators of the canyons (13, 14, 15) 
In 1936, bottom currents in two of the Georges Bank canyons 
were measured by means of an Ekman meter (16) The 
normal, lotary system of tidal currents on the continental 
shelf is upset, and on the bottom the currents were found to 
flow up and down the valleys Yet even here, where the 
currents at the surface are exceptionally strong, the highest 
recorded velocity was 11 08 ems sec , or a little more than 2 
of a knot at the peak of the flood tide Spring tides at the 
surface have a velocity 40 per cent greater than the neaps, 
during the course of which the reading was made If we 
arbitrarily increase this velocity by the above amount we 
get only 15 51 ems sec Considering the indurated nature of 
some of the beds of which this part of the continental shelf is 
composed, it does not seem probable that currents with 
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velocities such as these would be particularly competent 
agents of erosion They would move the finer grade sizes m 
an unconsolidated deposit, and by so doing might serve to 
check or retard present day deposition, but this is the most 
effective rdle which they can be expected to play The tidal 
currents were strong enough to completely mask other types 
which may have developed an on and off-shore component, 
and it is to be expe< ted, in coastal waters, that they will 
always have the greatci velocities We are justified there¬ 
fore, m eliminating tidal currents from the list of factors 
responsible for the east-coast canyons, and it is probable that 
further work will show this to be true for all canyons 

\s was stated above, modern physical oceanographers 
tend to look with disfavor on the theory that these canyons 
could have been cut by present-day currents or by currents in 
the past actuated by similar foiccs (17) localized currents 
with a strong on and off-shore component would be requited, 
and aside fiom tidal (uricnts, it has not been demonstrated 
that any such exist F'urtheimore the conditions necessary 
for their production and maintenance are not fulfilled by the 
data which are gradually accumulating 

Daly has argued for a radically different type of density 
current (18) During the times of lowered sea level of the 
Pleistocene, large areas of unconsolidated, fine-grained de¬ 
posits on the continental shelf and slope, which formerly had 
lain below wave base, came within the reach of wave action 
Large quantities of sediment were thrown into suspension by 
the storms of that pei lod This heaviei, denser water would 
first seek the depressions of the shelf It would concentrate 
in them and run down the slope with greatly accelerated 
motion. Sufficient velocity might be developed to cut 
grooves, and later, trenches Daly also considers the possible 
erosive effect of submarine mud flows which might be set in 
motion by the drag of this cunent of muddy water on the 
bottom In a recent paper, Kuenen strongly supports the 
idea (19) He finds, by tank experiments, that currents of 
this type will cut grooves m an unconsolidated “slope,” and 
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also that they do not diffuse readily with the surrounding 
water. There is no question but that this mechanism could 
operate in the open sea The crux of the matter is, of course, 
the amount of energy available for the work translated in 
terms of velocities, and the hardness of the rocks which 
must be cut The rocks of the Georges Bank canyons are 
known in more detail than those of any of the others (20). 
The upper part of the walls stand as cliffs with many out¬ 
cropping ledges The stratigraphic succession, as far as it is 
known, runs from the upper Cretaceous to the late Pliocene. 
A large proportion of these beds consist of clays, silts, and 
greensands which show little consolidation, but there are 
several beds of hard sandstone Granite, as well as semi- 
consolidated sediments, has been reported from the walls of 
some of the California canyons (21) The presence of re¬ 
sistant rocks is the chief stumbling block which this theory 
has to overcome, and may prove a serious difficulty should 
many haid formations be found in future dredging. 

The foregoing comments are not intended to be offered as 
purely destructive criticism, but to emphasize the point of 
view that there is no one universal explanation for the problem 
of canyon origin The extreme differences of opinion which 
exist today are indications that in the future we will come to 
recognize a combination of causes Also, it may well be that 
different canyons have been formed by different means 
Should wc assume a similar mode of origin for gorges cutting 
the seaward margin of broad, well-graded shelves; for those 
which head almost at the shoreline, and for those which lie 
at the outer end of a trench leading from some large river? 
Continued dredging and continued charting will help provide 
the answer. Without additional facts further discussion can 
not advance beyond the stage of hypothesis 
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THE TECHNIQUE OF SECURING UNDISTURBED CORE¬ 
SAMPLES OF THE OCEAN BOTTOM 

CHABLES SNOWDEN PI6G0T 

Geophysical Laboratory, Carnegie Institution of Washington 

The problem of securing core-samples of the bottom at 
depths as great as 1000 fathoms (6000 feet) is not particularly 
difficult. The mechanical and manipulative factors involved 
in making soundings down to this relatively moderate depth 
are not so great as to preclude the use of the kinetic energy of 
a heavy weight, or the employment of the heavy lines neces¬ 
sary to handle it, nor is the time clement particularly sig¬ 
nificant Beyond this point the difficulties multiply as the 
depth increases, until any attempt to bring up adequate 
cores from below 3000 fathoms (18,000 feet) is a feat of 
coordinated mechanical engmeeung and seamanship of no 
mean order Kinetic energy can no longer be relied upon to 
do useful work at the bottom, and the various stresses and 
masses involved inevitably increase so much that efforts to 
keep them at a minimum assume a dominant importance. 

The sounding cable itself develops complications of its own 

as its length increases Hemp rope will gnp a capstan-head 

easily and can be readily stowed in a relaxed condition beyond 

the hoisting mechanism, but the weight of any adequate 

apparatus^ together with the strain of pull-out from the 

bottom, demands a rope whose bulk and buoyancy soon 

defeat itB purpose The cable ships meet this situation by 

covering steel wires with hemp, and using a capstan-head 7 

feet m diameter, beyond which the rope is coiled in large 

tanks. In 1936 I used part of such a rope that was 20 miles 

long. Wire rope cannot be taken over a capstan-head under 

strain and then coiled satisfactorily From the standpoint of 

strength and storage, wire rope is the most satisfactory, but 

nocnoutaa or mu aicwcan philosophical socmty, 
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its weight brings up other problems No wire rope is able to 
sustain its own weight of 6000 fathoms, required to sound the 
greatest deep (5900 fathoms), and retain any reasonable 
factor of safety, to say nothing of the weight of apparatus or 
the strains of the pull-out, or the movement of the ship at 
the surface These considerations necessitate a tapered rope 
whose weight increases only in proportion to the strength 
required This greatly increases the difficulty of spooling or 
winding on the winch drum, for unless spooling is smooth and 
regular in the underlying layers, overlapping ropes will be 
crushed by the enormous pressures developed These same 
pi essures develop great lateral stresses which tend to burst the 
flanges of the winch drum Finally, winches of such great 
capacity are not common, and none exist on large, steady 
ships 

Therefore the problem of securing satisfactory core¬ 
samples of the bottom of the great deeps resolves itself into 
many mechanical considerations, involving the devising of a 
tool possessing a great supply of energy which is released and 
controlled entirely automatically on reaching the bottom, and 
which is lowered by means of a special cable and winch The 
cores obtained must be undistorted, and the material must 
reach the laboratory in the exact condition m which it left 
the bottom Furthermore, considerations of expense demand 
that this gear be adapted to use from any ship—not only from 
one especially built for the purpose. The coring apparatus 
itself must be as light as possible and yet very rugged As it 
is not feasible to send any considerable energy down through 
much sea-water or to operate complicated machinery in this 
very corrosive substance, the apparatus must possess within 
itself the energy necessary to do the required work, and this 
energy must be reliably controlled and accurately directed 
As the time element becomes increasingly important with 
increasing depth, this work must be accomplished as ex¬ 
peditiously as possible 

These essential features have been more or less com¬ 
pletely met by an apparatus which has been in use since the 
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summer of 1935, and a special cable of 5400 fathoms and a 
wmch to handle it are now being constructed This coring 
apparatus consists of 5 principal parts a gun, a cartridge, a 
firing mechanism, a watci-exit port, and a bit The me¬ 
chanical details are fully described in the Bulletin of the 
Geological Society of America, Vol 47, pp 675-684, May 1936 

Houndino Procedure 

The apparatus is assembled and aligned in chocks on the 
deck, the firing mechanism cocked, and the safety-pin in¬ 
serted A cartridge is loaded m accoid with the anticipated 
need If it is the first sounding in a new locality, it is ad¬ 
visable to provide rather less than the anticipated required 
energy Subsequent, loads may be in< reased as circumstances 
warrant When all is ready, the cartridge is fastened m 
place and the gun “loaded,” by sliding the bit toward the gun, 
and the shear pm is put in place The apparatus is then 
hoisted ovei the side A man picks up the bit at the cutting 
edge, and, as soon as the gun clears the rail, he drops his end 
over the side into the water The apparatus is immediately 
lowered until only the gun is out of the water, this prevents 
swinging against the ship’s side Finally, the safety-pin is 
pulled out and the apparatus is lowered to the bottom 
When the apparatus returns to the surface, if it has fired, the 
gun and bit will be hanging separately at the end of their 
respective cables, the bit, supported in the stirrup If they 
are not so separated, and it is desued to bring the apparatus 
aboard, the safety-pin must be inserted at the earliest possible 
moment while the apparatus is hanging clear of the ship 
Once this pin is in place the gear may be brought aboard 
with safety. 

The 14 cores shown in Fig 1 were taken from the canyons 
off the Maryland-Delaware coast in 1935, and the 11 cores m 
Fig 2 were obtained from the North Atlantic between New¬ 
foundland and Ireland in 1936. These will be discussed by 
Dr Bradley 
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I 1 10 l Corm from the canyons in the continental shelf off New Jersey, 
Delaware, and Maryland Maximum length 8 ft 8 in Depths 900-1850 
fathom* 




Fra, 3 Coras from the North Atlantic, Newfoundland to Inland, arranged m 
taken from West to East. Maximum length 10 ft. Depths 700-3850 fathoms. 
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Cores have since been obtained from the pastern conti¬ 
nental slope of the United States, and beyond/and also from 
the Bartlett Deep between Jamaica and Culm at a depth of 
2800 fathoms, and some have been taken from the Gulf of 
Mexico / 

An essential requirement for a deep sofindmg is that the 
ship remain stationary with respect to the bottom It is true 
that drift may then take the wire off somewhat, but this is a 
lesser evil than extensive movement of the ship by wind or 
surface current 

The best way to be certain that the ship is remaining 
stationary is to put out one or more buoys, despite the depth, 
and after the buoy has taken its permanent set to keep the 
ship oriented with respect to it This is a laborious procedure, 
to be sure, and can only be done easily by a ship having 
ample power, and preferably two propellers If a particular 
area is of special interest, and several soundings within a small 
radius are desired, the establishment of such a reference is 
well woith the added trouble 



THE GEOLOGICAL SURVEY’S WORK ON THE PIGGOT 
NORTH ATLANTIC DEEP SEA CORES* 

W H BRADLEY, M N BRAMLETTE, J A CUSHMAN, L G HENBEST, 
K E LOHMAN, AND P D TRASK 

The United States Geological Survey 


A series of 11 cores from the North Ytlantic sea bottom 
between the Newfoundland Hanks and the banks off the Irish 
coast have been studied by a group of geologists of the 
Geological Survey These cot es were taken by Dr C S 
Piggot of the Carnegie Institution’s Geophysical Laboratory 
from the cable ship "Lord Kchin” with the explosive type of 
core-sampler, which he designed (1) This preliminary leport 
is based largely on the results obtained by M N Biamlette, 
who studied the lithology, and Jos A Cushman, who studied 
the foraminifera 

The geographic position, the depth of water at each 
Rtation, and the length of core obtained are given m table I 

TABU*, I 

Geographic Position, Depth of Waier, and Lengths of Cores 
Taken from North Atlantic Ska Bottom 


Htation And 
core No 

Latitude—N 

liongitude— W 

IJeptb of w&ter 
in fathom* 

Length of torm 
m meters 

3 

46° 03' 0" 

43*23' 0" 

2575 

2 82 

4 

48* 29’ 0" 

35° 54' 30" 

2165 

272 

5 

48° 38' 0" 

36° or 0" 

2040 

2 82 

6 

40° 03' 30" 

32* 44' 30" 

2260 

293 

7 

40° 32' 0" 

29*21' 0" 

1780 

2 62 

8 

40° 36' 0" 

28*54' 0" 

700 

124 

0 

49° 40'JO" 

28*20' 0" 

2050 

2 77 

10 

49° 48'fc0" 

23° 30' 30" 

2295 

2 97 

11 

48° 38', 0" 
40*37' 0" 

17*09' 0" 

2640 

034 

12 

13*34' 0" 

1770 

2 43 

13 

40*38' 0" 

13*28' 0" 

1070 

222 

• 


* Published with the approval of the Director, Geological Survey 
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Core No 3 was taken just off the Newfoundland Banks in 
the blue mud zone, but all the others were taken in parts of 
the ocean where the bottom is blanketed with Globigerina 
ooze Core No. 8 was taken on the mid-Atlantic ridge and 
core No 11 struck volcanic rock 

In about 20 representative samples from each core the 
percentages of calcium carbonate, clay and silt, sand, and 
coarse sand were determined Also the relative abundance 
of foramimfera, coceoliths, and diatoms was estimated in 
these samples Material between these guide samples was 
examined microscopically, especially in certain critical zones 

Two zones m which acid volcanic ash (refractive index near 
1 51) is common were found. The upper one was found in 
all the cores except No 11, but the lower one has thus far 
been found only in the lower part of cores 4-7 Although in 
most of the eores the upper ash zone is restricted to the upper 
part, m core No 3 it is represented by scattered shards, but 
the core, despite its length, apparently did not reach that 
part of the ash zone where the shards are most abundant 
This upper ash zone serves to correlate the cores and the lower 
ash zone, where found west of the mid-Atlantic ridge, rein¬ 
forces the correlation 

Besides the zones of volcanic ash four other zones of dis¬ 
tinctive lithology were found These zones are characterized 
by a relative abundance of sand and pebbles, by a smaller 
percentage of calcium carbonate, and by a sparsity of or¬ 
ganisms—foramimfera and coccohths. They also have a dis¬ 
tinctive texture The pebbles are sub-rounded to angular and 
include a wide variety of rock types—sandstone, gneiss, soft 
shale, and limestone—of which limestone is the most common. 
Some of the pebbles are as much as 2 centimeters across. 
These zones are interpreted as glacial marine deposits formed 
during the Pleistocene glacial epoch when continental glaciers 
were eroding the land Drift ice from the continental glaciers 
apparently transported considerable quantities of rock debris 
far out into the ocean basm. Larger boulders, some with 
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facets and strise, have been dredged m latitudes as far south 
as the Azores, and have been interpreted as transported by 
Pleistocene ice drift. 

Glacial marine deposits closely similar to these were de¬ 
scribed by Philhppi (2) from the South Atlantic off the marg in 
of the Antarctic shelf ice From that locality where they are 
now forming, Philhppi showed that they extended northward 
into the South Atlantic beneath a cover of first diatom ooze 
and, farther north, of Globigenna ooze 

In the equatorial part of the Atlantic, Schott (3) in¬ 
terpreted an abrupt change from a surface layer of warmer 
water foramimferal fauna to an underlying colder water fauna 
as the boundary between post-glacial deposits and deposits of 
the last glacial epoch In some cores he found, below the 
deposits characterized by a colder water fauna, other deposits 
containing a warmer water fauna which he interpreted as 
inter-glacial 

Between the glacial maiine zones found m the North 
Atlantic cores the sediments consist chiefly of Globigerma 
ooze or limy clay much like that which is forming today in 
the same area 

The uppermost glacial zone is represented in all the i * ,j, 
but Nos 3 and 11 and lies just below the upper volcanic ash 
zone. Core No 3, though nearly 3 meters long, did not 
reach the base of the upper ash zone and so of course did not 
reach the top of even the highest glacial zone Core No 11 
is evidently too short to have hit either the ash or the glacial 
marine deposits In cores 4-7 the glacial zones are relatively 
thm and are spaced at approximately equal intervals Be¬ 
tween the third and fourth glacial zones (in descending order) 
is the lower volcanic ash Only the uppermost glacial zone 
has been identified east of the mid-Atlantic ndge Other 
glacial marine deposits are recognizable but their correlation 
is less certain. 

Cores 3, 8, and 11 are markedly different from the others 
Core No. 3 is distinctive for its uniformity in texture and 
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composition With the exception of three thm clay layers 
that arc widely spaced, this core consists of about equal 
amounts of clay and silt-sized clastic material and clay and 
silt-sized calcium carbonate particles Coceoliths are rather 
common throughout, but forammifera are relatively rare 

In contrast core No 8 is characterized by an abundance of 
< oar.se sand and pebbles, by only the coarser volcanic glass 
shards which arc not common, by abundant forammifera, and 
by very little matrix of clay and silt sizes According to our 
interpretation currents move across this part of the mid- 
\tlantic ridge (Faraday Hills) with sufficient velocity to 
winnow out most of the fine-grained material and carry it 
into dccpci basins such as that whore core No 9 was taken 
(’ore No 9 is characterized by a predominance of very fine 
grained material 

Core No 11 penetiatcd only about 15 centimeters of 
(llobigenna ooze before encountering a deeply altered volcanic 
rock which it penetrated about 23 centimeters Preliminary 
examination suggests that this rock may renr*, en f a sub¬ 
marine flow of basaltic rock 

It is evi dent from the la^ e differences in depth below the 
lib iop of the latest glacial marine zone that the 
rate of deposition differs widely from place to place In 
cores 4, 5, and 7, for example, the top of the latest glacial zone 
is about 30 centimeters below the top, and if the last glacial 
epoch is taken as 20,000 years ago then the post-glacial 
deposition in these three cores was at the rate of approxi¬ 
mately 20,000 years per foot. 4s core No 3 did not reach 
the glacial zone, the rate of deposition there must have been 
something more than 10 times as rapid On the mid-Atlantic 
ridge the rate was somewhat slower and in some areas east 
of the ridge the rate seems to have been several times as rapid 
as prevailed generally west of the ridge 

Iselin (4) in studying some bottom cores off the Irish 
coast concluded that the marked decrease in carbonate 
content below about 25 centimeters represented deposits of a 
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glacial epoch. He estimated the rate of accumulation in 
that locality to be about 1 centimeter per 1000 years or 
30,000 years per foot 

Schott (5), after studying the cores obtained on the 
Meteor expedition in the equatorial Atlantic, estimated the 
average rate of accumulation by the depth to the top of the 
deposits formed during the last glacial epoch to be 25,000 years 
per foot His estimates for various cores ranged from 14,000 
to 57,000 years per foot 

The biologic evidence now available is Cushman’s inter¬ 
pretation of the temperature conditions revealed by the 
Delagic foramimfera at successive levels m the cores. He 
found that at some levels the foramimfera indicated warmer 
water conditions than prevail in that part of the ocean today, 
whereas at other levels they indicated much colder water 
than today At other levels they indicated conditions nearly 
like those of today Where the physical evidence indicates 
glacial marine zones the foramimfera indicate a cold water 
environment The interglacial zones, except the latest one, 
all show warm water foramimfera faunas The fact that the 
uppermost or latest interglacial zone contains a cold water 
fauna may mean that the uppermost two glacial zones.!." di-^ 
cated by the physical evidence are really only'phases ot ~ •£> 
glacial stage—the last or Wisconsin stage 

Below the lowest glacial marine zone encountered in the 
cores the foramimfera indicate in each core conditions as 
warm as today or warmer. 

From the evidence thus far available, we conclude that 
these long cores have penetrated sediments that represent not 
only all Post-Pleistocene time, but some have penetrated 
three, or perhaps four, glacial stages and three, or perhaps 
four, interglacial stages of the Pleistocene epoch None of 
the foramimfera in the bottoms of the cores suggest Pliocene 
species 
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MARINE GRAVIMETRIC METHODS AND SURVEYS 
MAURICE EWING 

Department of PliysicB, Lehigh University, Bethlehem, Pa 
I Introduction 

In 1923 Dr F A Vening Meinesz made a voyage from 
Holland to Java on board the Nethci lands Submarine K II, 
during which he made pendulum gravity observations at 32 
stations Twenty-six of these wei e made while the submarine 
was submerged in the open ocean, and they are the first 
gravity measurements sufficiently accurate for modern geo¬ 
detic purposes which were ever made at sea 

The great need of gravity data in oceanic regions had been 
pointed out by Bowie (1), Ilayford (2), Bauer (3), and others 
Many workers had attempted to mcasuie gravity on ships at 
sea, but it had seemed so futile to attempt to operate a gravity 
pendulum on the unsteady base provided by a ship that the 
efforts had been directed toward development of some sub¬ 
stitute to replace the standard pendulum method , Site 
(4) on the ship Fai aday in 1875 used a gravity barometer ih 
which the weight of a column of mercury was balanced 
against the pressure of an enclosed body of gas, and also a 
device m which a steel spring supported a mercury column 
His observations aie invalidated by causes not clear even now, 
but his instruments incorporated many principles now used 
in the most modern gravimeters * 

Hecker (5), using a method which Mohn (6) had developed 
for obtaining gravity corrections to barometer readings at 
stations of the Meteorological Service of Norway, made three 
extensive voyages between 1901 and 1909 on which he esti¬ 
mated the force of gravity by comparing the atmospheric 

* It is a shock now to realize that Siemens was measuring gravity to compute 
from it the depth of water 

proceedings otr the American philosophical society, 
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pressure determined from the boiling point of water with 
that given by a mercurial barometer. Bauer (3) carefully 
reviewed the work of Hecker while considering inclusion of 
gravity measurements in the program of the Carnegie, and 
concluded that “the problem of obtaining sufficiently rehable 
ocean gravity results still awaits solution.” He expressed 
strongly the hope that the great importance of getting gravity 
values would lead someone to discover a better method for 
ocean gravity work 

Briggs (7) made measurements of gravity from Sydney to 
San Francisco m 1914, and from New York via Panama to 
San Francisco in 1915. His apparatus contained a gas 
maintained at constant temperature and volume, and he 
measured the height of the mercury column needed to balance 
the pressure 

Duffield (8) made gravity measurements during voyages 
from England to Australia and back in 1914, and again in 
1922-23. He used gravity barometers, photographic record¬ 
ing barometers, and gravity spring balances, but his results 
apparently lack the accuracy required for geodetic work. 

II Development of the Meinesz Apparatus 

From the very beginning of gravity measurements the 
pendulum has been the standard instrument for gravity 
surveys on land All earlier workers had considered as 
axiomatic the impossibility of operating gravity pendulums on 
ships, but Meinesz approached the problem of marine gravity 
measurements with years of experience in pendulum gravity 
surveys In the years 1912 to 1921 the Gravity Survey of 
Holland experienced difficulty in finding fixed bases for the 
pendulum apparatus at many stations, and the consequent 
unsteadiness had to be taken into account. By swinging two 
pendulums in the same plane for each observation, it was 
found possible to eliminate the effects of horizontal accelera¬ 
tions m this plane (9) The success of this effort led to an 
investigation of the possibility of using the apparatus on 
board a ship 
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The first tests at sea were made on a small steamer on the 
North Sea Canal near Amsterdam with a Stuckrath four- 
pendulum apparatus They showed the method to be feasible 
provided the visual observation of the coincidences could be 
replaced by photographic recording, and further that the 
motion of the ship could be held to a small value. Professor 
van Iterson suggested that a submerged submarine would be 
free from the disturbances of wave action, and a very suc¬ 
cessful test was made on a submarine in the roadstead at 
Helder in May 1923 Plans were then made for the voyage 
to Java in the autumn of 1923, m cdperation with the Nether¬ 
lands Navy On this voyage, which marks the real beginning 
of accurate gravity measurements at sea, pendulum gravity 
measurements were made with an accuracy approaching that 
of standard land measurements 

As a direct result of this work, over 1,200 gravity stations 
at sea have now been completed, more than 800 of them by 
Meinesz himself. Following the lead of the Netherlands 
Navy, the navies of the United States, U. S S. R, Italy, 
France, and Japan have given support, each having partici¬ 
pated in one or more surveys 

The Stuckrath apparatus used on the cruise oi tW#* y 
was replaced m 1925 by a new instrument especially designed** 
for measurements at sea This apparatus underwent suc¬ 
cessive modifications, primarily in details such as gimbal 
suspension, mechamsm of the photographic recorder, whieli 
were thoroughly tested on the cruises of the Netherlands 
submarines K XI and K XIII m 1925 and 1926. The form 
of the apparatus which has been accepted as final was reached 
prior to the cruise of the U S submarine S-21 in 1928 
The final form of the apparatus is described by Meinesz (10) 
It contains three half-second bronze pendulums, as nearly 
isochronous as possible, which all swing m the same plane 
It contains two auxiliary pendulums provided with internal 
damping which are intended to indicate the deviations of the 
apparatus from the vertical—one in the swinging plane of 
the gravity pendulums and one at right angles to it The 
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case of the pendulum apparatus is well insulated against heat 
transfer but is not airtight Inside the case are a hygrometer, 
a mercurial thermometer inside a dummy pendulum, and a 
bimetallic strip thermometer By means of a mechanism 
operated from outside the case, it is possible to raise the 
pendulums and clamp them in spring supports when they are 
not m use, to lower them into the swinging position, to give 
them any desired initial amplitudes of swing, and to start 
them swinging m the same or m opposite phase as desired. 

The light box, which contains the arrangement for photo¬ 
graphic recording of the pendulum oscillations, is mounted 
directly above the pendulum case and the entire unit is 
supported in gimbals The light box contains the supply of 
photographic paper, a spring motor for moving the paper 
during an observation, a lamp to provide illumination for 
lecording, and shutters or light valves actuated by break 
circuit, chronometers for making momentary eclipses of the 
beam of light These eclipses serve as the time reference 
marks from which the periods of the gravity pendulums are 
calculated 

The beam of light which enters the pendulum case from 
’ o !’ght key is divided into five parts, three of which are 
-reflected from mirrors attached to the gravity pendulums 
Let 0i and 0» represent the angular displacements of the two 
outermost pendulums, and let 02 represent that of the middle 
one The optical system provides for continuous recording 
of the differences 0i — 0 S and 0» — 0 2 , also 02 , the inclination 
of the middle pendulum to the vertical as indicated by the 
damped pendulum which operates in the swinging plane. 
The two other light beams record the temperature indication 
of the bimetallic strip and the tilt perpendicular to the 
swinging plane as indicated by the second damped pendulum. 
A photograph of the Meinese apparatus is shown in figure 1. 

The angular differences 0 t — 0 2 and 0* — 02 are regarded 
by Meinesz to represent the angles of elongation of two 
fictitious pendulums, and it can be shown that, to the first 
order of small quantities, these fictitious pendulums are 
independent of horizontal accelerations in the swinging plane. 



Fig X Photograph of the Meinesz pendulum apparatus 






62 


MAURICE EWING 


The chronometers used for measuring the periods of the 
pendulums produce eclipses in the light beams which record 
photographically the motions of the pendulums The rates 
of these chronometers are determined by comparisons with 
radio time signals twice daily Comparisons are made by 
connecting one of the break circuit chronometers in senes 
with the headphones of the radio receiver and noting coin¬ 
cidences between the chronometer and the time signal. For 
rhythmic time signals, a mean-time chronometer was used, 
while for ordinary signals a mean time chronometer with 
rate deranged to give several coincidences during the period 
of time signal transmission was substituted After reception 
of the time signal the chronometers were intercompared, also 
by a coincidence method. 

The duration of a gravity observation with the Meinesz 
apparatus is about 30 minutes, and all observations are made 
with the ship submerged and travelling at constant speed and 
depth It is necessary to know the magnitude and direction 
of the velocity of the ship in order to apply the Eotvos 
correction for the alteration m gravity produced by the east- 
west component of velocity The depth of submergence 
depends upon the condition of the sea, and should be sufficient 
to reduce the effect of wave motion below a certain minimum 
value 

III Summary of Surveys Using the Meinesz Method 

The following table includes all marine gravity surveys 
known to the author on which the Meinesz apparatus, or 
instruments of other design embodying the principle of the 
fictitious pendulum, have been used The complete results of 
all surveys have not yet been published. Information for 
each survey ib listed under the following headings* 

A Date, name of ship, and number of stations occupied. 

B Personnel of scientific staff, and reference to publications 

C. Region surveyed. 

D. Description of apparatus used. 
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1 1923, Sept 18-Dec 24 Netheilands K II Number of 

Stations 32 

Memesz, Reference 11, Vol 1, Chapter 2 
Holland via Suez to Java 

Apparatus Stuckrath, 4 bronze pendulums swinging in 2 
planes Photographic recording whuh recorded motion of 
each pendulum sepai ately Cradle to eliminate effects of ship 
roll added in Gibraltar One chronometer used with relay 
between it and the light, valve 

2 1925, Oct 15-Nov 12 Netherlands K XI Stations 12 
Meinesz, Reference 11, Vol. 1, Chapter 3 

Holland to Alexandria 

Apparatus Memesz 3 pendulum design, recording fictitious 
pendulums directly, deci easing labor of reduction \ceuiacy 
increased by use of 2 chronometers Unnecessary to open 
pendulum case for any operation Light box separate fiom 
pendulum case with cradle for removing roll of ship Echo 
soundings adopted as standaid part of program on this 
voyage 

3 1926, May 27-Dec 13 Netherlands K XIII Stations 128 
Memesz, Reference 11, Vol 1, Chapter 4 

Holland via Panama to Java 

Apparatus Meinesz, improved by complete gimbal suspen¬ 
sion, light box atop pendulum case, cable release for shifting 
paper speeds, and agate bearings and steel points on damped 
pendulums to decrease friction 

4 1927, Feb 3-Feb 15 Netherlands K XIII Stations 28 
Meinesz, Reference 11, Vol 1, Chapter 4 

Java Deep 

Apparatus Same as for No 3 

5. 1928, Oct. 2-Nov. 27 United States S-21 Stations 49 
Meinesz and Wright, Reference 12 
Washington to Greater Antilles, Gulf of Mexico, and return 
Apparatus Meinesz, with improved light box Light valves 
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operated on smaller current, eliminating necessity for relays 
between light valves and chronometers This 1 form of the 
Meinesz apparatus was accepted as final. 

6. 1929, June 12-Aug 12 Netherlands K XIII Stations 232 
Oct. 8-Nov 14 
1930, Jan. 2-Feb 15 
Netherlands East Indies 
Meinesz; Reference 11, Vol 1, Chapter 5 
Apparatus Meinesz 

7 1929, Sept 3~Nov 29 Carnegie Stations 5 
Forbush, Reference 13 

San Francisco to Apia 

Apparatus Meinesz, purchased m Holland Apparatus used 
in surface vessel really successful only m harbors. Verifies 
conclusions of Meinesz about use on surface vessels after 
experiments in 1924, 1925, and 1929 

8 1930, Aug 2~Sept. 5 Russian Navy Stations 31 
Sorokm, Reference 14 

Black Sea 

Apparatus Fechner 4 pendulum, with photographic recording 
and modified optical system to give 2 fictitious pendulums as 
m the Meinesz apparatus Invar pendulums used with the 
statement that magnetic fields were found to be less variable 
inside the submarine than on land 

9 1931 Italy Vettor Pvam Stations 100 
Cassinis and DePisa, Reference 15 
Mediterranean 

Apparatus* Meinesz, borrowed from Holland 

10 1931, Aug 18-Sept,. 8 Nautilus Expedition Stations 7 
Villinger Reference 16 

Arctic Ocean 

Apparatus Meinesz, purchased from Holland. 



MARINE GRAVIMETRIC METHODS AND SURVEYS 55 

11. 1932, Feb 7-Mar. 19 United StateR S-48 Stations 54 
Meinesz, Hess, and Brown, Reference 17 
Bartlett Deep 

Apparatus* Meinesz, with new pendulums constructed m 
1931 on the minimum principle 

12 1932, July 5-Aug 14 Netherlands 0-13 Stations 61 
Meinesz, Reference 11, Vol 2, Chapter 2 
Mid-Atlantic Ridge near Azores 

Apparatus Meinesz, with the pendulums of cruise 11 

13 1932, Oct Japan Ro-58 Stations 5 
Matuyama, Reference 18 

Sagami Bay 

Apparatus Meinesz, purchased from Holland 

14 1932, Nov 10-1933, Jan 10 France Fresnel Stations 30 
Marti, Reference 19 

Mediterranean, western part 

Apparatus Meinesz, borrowed from Holland. 

15 1933, Oct 17-Nov. 8 Russian Navy Stations 38 
Sorokin, Reference 14 

Black Sea 

Apparatus same as cruise 8 

16 1934, Nov 14-1935, July 11 Netherlands K XVIII 

Stations 230 
Meinesz, Reference 20 

Holland to Brazil to Cape Town to Australia to Java 
Apparatus Meinesz 

17. 1934, Oct. 17~Nov 1 Japan Ro-57 Stations 25 
Matuyama, Reference 18 

Japan Deep, middle part 
Apparatus: same as for cruise 13. 

18. 1935, July and August Italy Dea Geneys Stations 47 
Cassinis; Reference 21 
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Mediterranean, Western part 

Apparatus Memesz, purchased from Holland Boat steered 
in the meridian during all measurements to avoid Eotvos 
correction 

l l ) 1935, Oct 12-Oct 29 Japan 1-24 Stations 29 
Matuyama, Reference 22 
Japan Deep, southern part 
Apparatus Mcinesz as in cruise 13 

20 1936, Nov 29-1937, Jan 14 Umtcd States Barracuda 

Stations 57 

Ewing, Hoshinson, and Hess, Reference 23 
Panama through Lesser Antilles to Philadelphia 
Apparatus Memesz apparatus used in cruise 10 Crystal 
contioiled chronometei used, placing time reference marks 
directly on record without use of light valve Half second 
interval between eclipses to avoid necessity for finding axis 
of recorded pendulum curve Period and phase readable over 
entire record 

21 1937, Jan 11-Mar 16 Netherlands 0-16 Stations 93 
Memesz, Reference 24 

Holland to Washington to Lisbon 

Apparatus Memesz, three chronometers, two recording on 
the pendulum record and all thiee intercompared by a small 
recording apparatus before and after each gravity measure¬ 
ment 


IV Modification of Meinesz Apparatus by 
Later Workers 

Tsuboi (25) has described a new device for damping free 
v lbrations of the pendulum case in the gimbal suspension. 

On the cruise of the U S Submarine Barracuda in 1936 
(23) an alteration of the method of timing the pendulums was 
introduced A crystal-controlled oscillator supplying alter¬ 
nating current of constant frequency was used to dnve a small 
synchronous motor, which served as a chronometer. This 
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chronometer, which was constructed by the Bell Telephone 
Laboratories under the supervision of Mr W A. Marnson, 
possessed a rate so constant that uncertainty in gravity 
results caused by fluctuations m chronometer rate were 
entirely negligible 

This motor was mounted in the light box of the Meinesz 
apparatus It contained a gear, turning at 2 revolutions per 
second, which produced a momentary eclipse of the light beam 
on each revolution Thus there were no light valves, which 
conceivably introduce slightly variable lags, interposed be¬ 
tween the ehionometer and the recorded time reference marks 
The chronometers used m all previous work had likewise 
produced two eclipses per second, but the two parts into 
which each second was divided were not rigorously equal 
Theiefore one set of the signals had to be disregarded in 
determining coincidences between the dironometer and the 
fictitious pendulums, and coincidences were measured on the 
pendulum record by the intersection of (he line of eclipse 
marks with the axis of the sine curve for the fictitious 
pendulum The crystal chronometer gave eclipses rigorously 
one half second apart, and coincidences were measured by the 
intersection of the ascending and descending lines of eclipse 
marks, mcicasing the accuracy and decreasing the effort 
required for making the measurement 

One of the light, valves of the standard Meinesz system 
was retained in the Barracuda measurements It was con¬ 
nected to an ordinary chronometer which caused it to eebpse 
the light for one half second in each alternate second These 
long eclipses were not used in measuring the periods because 
of the inferior constancy of rate of the ordinary chronometer 
They were used to make visible the phase relationship between 
the fictitious pendulums and the middle pendulum, and as 
they occurred only m alternate seconds they did not interfere 
with measurements of the coincidences. For the entire 
duration of the observation the paper was moved through 
the light box at the high speed which had been used only at 
the beginning and at the end of the observing period in all 
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earlier work. Thus both the coincidences and the phase 
relationships could be measured for any instant during the 
entire observation Several times daily the crystal chro¬ 
nometer was compared with radio time signals from station 
NAA by use of an apparatus * which produced a momentary 
flash of light at the beginning of each time signal The gear 
of the synchronous motor mentioned above, which was 
graduated in intervals of 0 01 sec, was viewed in the light 
from the Strobotac. The comparison with the time signal 
could easily be carried out with a probable error of 0 002 sec 

V Second Order Disturbance Terms 

In a recent papei of great importance for marine gravity 
measurements, Browne (26) pointed out the necessity for 
making a correction, involving second order terms for dis¬ 
turbances caused by motions of the ship, which had been 
overlooked by all previous workers The principal disturb¬ 
ances for which this correction is needed when the observations 
are made on a submerged submarine seem to be those caused 
by the very long waves or swells These swells have periods 
several times longer than the periods of the gravity pendu¬ 
lums and their effect is readily apparent on the pendulum 
records, where it produces slow fluctuations m the line of 
eclipse marks. The procedure previously used corrects only 
for the first order effect of these accelerations 

Let x represent the acceleration of the apparatus m the 
vertical direction, and y and & the horizontal accelerations 
perpendicular to the axis of the ship and parallel to it, re¬ 
spectively Then the second order disturbance is given by 

q - - + y J /20 + **/2 g, 

where the dashes indicate values over the entire duration of 
the observation, Vertical accelerations cause the observed 
values of gravity to be too small and horizontal accelerations 
cause them to be too large Consideration of the shape of a 

* Manufactured by the General Radio Co, Cambridge, Maes, under the 
name Strobotac 



MARINE GRAVIMETRIC METHODS AND SURVEYS 59 


ship indicates at once that the accelerations l parallel to the 
ships axis will probably be very small The vertical accelera¬ 
tions may be read directly from the pendulum record as 
stated above The horizontal accelerations perpendicular to 
the axis of the ship are probably of the same order of magni¬ 
tude as the vertical accelerations when the course of the ship 
is perpendicular to the direction of travel of the swells, and 
is probably negligibly small when the course is parallel to 
this direction 

Memesz (27) has already undertaken an investigation of 
the accelerations in a submerged submarine for the two-fold 
purpose of learning how best to apply the correction to the 
observations which have already been made, and for testing 
a device which he proposes to add to the pendulum apparatus 
to record the necessary data for making the correction in all 
future measurements He gives a preliminary estimate of 
the importance of the correction for the older work, stating 
that it will amount to less than a milligal on very many 
stations, particularly for those located m enclosed seas where 
large swells are less common than in the open ocean. This 
result is confirmed by the records of the Barracuda cruise, 
where vertical accelerations were found to be almost imper¬ 
ceptible in the Caribbean, but definitely present for stations 
in the Atlantic Memesz finds that m extreme cases, such 
as were encountered by him in the Netherlands 0-16 while 
crossing the Atlantic in 1937 with exceptionally rough 
weather, the correction may reach 30 milligals for the vertical 
accelerations alone The correction for horizontal accelera¬ 
tions $ will be opposite in sign and, under the opinion stated 
earlier in this section, will range m magnitude from zero to 
about twice the value of the correction for vertical accelera¬ 
tions depending on the relation of the course of the ship to 
the course of the swells For almost all of the Barracuda 
stations the course of the ship was parallel to the direction of 
propagation of the swells, so it may be expected that the 
second order corrections will lead to values for gravity slightly 
greater than those given in the preliminary report (23). 



60 


MAURICE EWINCJ 


VI NEGATIVE (iBAVITY ANOMALIES—MEINEBZ BELTS 

As is well known, the gravity anomaly at a station is the 
excess of the measured value of gravity over the theoretical 
value given by a standard formula We may consider ^hat 
the formula was selected to make the anomalies come ouiyy 
small as possible If the theoictical value of gravity has beeV 
corrected for topogiaphy and for isostatic compensation of 
the topographic features before comparison with the observed 
value, the anomaly is call(‘d an isostatic anomaly IsoHtatic 
anomalies are interpreted to mean that there exists, near the 
station, an excess of mass over that assumed foi isostatic 
compensation of the topographic features, while negative 
anomalies indie ate it deficiency of mass 

A gieat nairow belt of large negative gravity anomalies, 
which might well he called a Memesz belt in honor of its 
discoveier, was found in the East Indies and elaborately 
mapped by Memesz in the years 1920-1929 It is a curved 
zone over 5000 miles long and usually not more than 60 miles 
wide, which winds through the entire East Indian island are 
as shown in hguic 2 It is almost continuous throughout 
its entire length, and on almost any section across it the 
negative gravity attains an extreme value of 100 to 200 
inilliguls The belt of negative anomalies shows a close 
iclationship to the tectonic features of the region, coinciding 
almosl exactly with the belt of earthquake epicenters where 
many earthquakes of the strongest type occur. The volcano 
belts lie on cuives on the concave side of the belt of negative 
anomalies at a distance of about 100 miles Without excep¬ 
tion the typn al deep sea troughs of the region are parallel to 
the Mcinesz belt, lying near to it on its convex side. 

V second Memesz belt has been mapped in the West 
Indies, extending finm Cuba around the island arc to Tnmdad, 
as shown m hgure d This belt was discovered by Memesz 
in 192b, and was further studied dunng the cruises of the 
I T H Submarines S-21, 8-48, and Barracuda It is similar 
in all major respects to the belt in the East Indies 
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Tig 2 The gravity anomalies m the East Indies 
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Fig 3 The gravity anomalies in the West Indies 
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A third belt has been found associated with the Nippon 
Trench as shown in figure 4 It has been surveyed by the 
Japanese expeditions between 1932 and 1935 for a length of 
about 900 miles This bolt also resembles the Kast Indian 
one m its major features 

These narrow belts of strong negative gravity anomalies 
are probably the most striking features of the gravit8tional 
held of the earth which have yet been discovered The close 
relation which they show to tectonic phenomena indicates 
that they will give much information about the structure of 
the crust of the earth and about the processes of mountain 
building The actual values obtained for the anomalies of 
gravity in these regions are largely independent of the system 
of isostatic reduction chosen for arriving at the isostatic 
anomalies, which proves that the results may not be attributed 
to an incorrect assumption about the distribution of compen¬ 
sating masses. The explanation advanced by Meinesz is 
the “buckling hypothesis,” which postulates a downward 
protuberance of crustal material into the denser substratum 
This is considered as the result of buckling of the crust 
under compressional stresses The light, crustal material is 
prevented from rising upward and attaining isostatic equi¬ 
librium by the continued action of the compressional stresses 
Taking the density of the crust to be 0 6 gm /cm * less than 
that of the substratum and the crustal thickness to be 25 km , 
Meinesz concludes that a crustal shortening of 50 km will 
suffice to produce the observed gravity anomalies in the 
East Indies For a complete discussion of the question, the 
reader may consult the works of Memesz and his colleagues 
(11, 28) and Hess (17, 29) 

It now seems probable that every “island arc” has an 
associated Meinesz belt of negative gravity anomalies, and 
it is important that additional surveys of island arcs should 
be made. 

VII. Positive Anomalies Over the Oceans 

In general positive anomalies of gravity are found over 
the oceans These are much smaller than the negative 
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Fig 4 The gravitj anomalies over the Nippon Trench 
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anomalies described in the last section, averaging about 22 
milhgals m the Pacific Ocean and about 41 milligals m the 
Atlantic Meinesz has offered the explanation that convec¬ 
tion currents in the substratum, upward under the continents 
and downward under the oceans, produce these large holds 
of positive anomalies To explain them in terms of com- 
pressional forces m the crust would require such great stresses 
m the crust that this alternative explanation is rejected 
Hales (30) and Pekens (31) have published calculations 
showing the possibility of quantitative explanation of the 
oceanic anomalies by thermal convection currents in the 
substratum 

It is conceivable that the second order corrections intro¬ 
duced by Browne will remove these positive anomalies ovei 
the oceans, but it seems more probable from the discussion 
of Section V that the correction will eventually prove to lie 
m the opposite direction Dr Bullard reports that pielimi- 
nary measurements by Browne indicate approximate equality 
of horizontal and vertical accelerations m deep water 

VIII Static Gravity Meters for Marine Measurements 

As was mentioned in the introduction, all attempts to 
measure gravity at sea prior to the work of Meinesz were 
made with static gravity meters, or gravuncteis, instead of 
pendulums. With the vast improvements which have been 
made in gravimeters, largely by those using them in pios- 
peetmg for oil, it is natuial that further attempts to adapt 
these instruments to marine measurements should be made 
Norgaard (31) has described a static gravimeter, reading to 
1 or 2 milhgals on land, with which he made tests at sea on a 
surface ship in the Baltic Sea in 1932 and 1933 Ills instru¬ 
ment is m principle a modified Cartesian Diver floating m oil, 
and provided with temperature compensation It did not 
work very well in a rough sea, but there is a good chance it 
would be useful for observing m a submerged submarine 

Haalck (32) made gravity measurements in 1934 on ships 
on the Elbe and on a voyage on a surface vessel from Hamburg 
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through the North Sea and the Baltic Sea to Finland and 
return. He was able to make measurements in the sheltered 
parts of the route but was not successful in the open sea. 
His instrument is constructed on the barometii principle, and 
has certain points of resemblance to one of the instruments 
built by Siemens It was developed to make measurements 
on land with a probable error of 2 or 3 milligals His success¬ 
ful measurements in protected bodies of water give him 
confidence that the instrument can be made to give satis¬ 
factory results on a surface ship on the open ocean. The 
recent work on second order effects discussed in Section V 
proves that measurements on surface ships will be even more 
difficult than was previously supposed, but it seems likely 
that Haalck’s instrument would function properly in a sub¬ 
merged submarine 

An outstanding difficulty for all static gravimeters for 
maiine measurements is that they do not as a rule enjoy 
freedom from shifting of the zero-point to the extent that 
pendulum instruments do Therefore static gravimeters need 
to be returned to a base station at frequent intervals, which 
is a much more serious problem for marine than for land 
work It was originally planned to use a static gravimeter 
in conjunction with the Meinesz apparatus on the cruise of 
the Barracuda, but this plan could not be carried through 

IX Gravity Measurements in Polar Regions 

While the Fram was frozen m the ice and drifting in the 
Arctic Ocean from 1893 to 1896, pendulum observations were 
made m the ship and also on the ice near the ship by Scott- 
Hansen The results have been published by Schi0tz (33) 
for seven stations A von Sterneck two-pendulum apparatus 
equipped with a coincidence apparatus was used, but ap¬ 
parently the results are inaccurate due to the effect of tremors 
in the base on which the apparatus rested 

In the voyage of the Maud, 1918-1926, Sverdrup (34) 
made an observation near ('ape Chelyuskin with the same 
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apparatus used on the earlier expedition He gives the mean 
error as 6 milligals 

A highly important contribution to marine gravity surveys 
is now being made by the floating expedition of the USSR 
under the leadership of I D Papmin. Four men were landed 
on the ice at the North Pole by means of an airplane on 
May 21, 1937, and a camp was established for them On 
February 5,1938, the camp had drifted more than 1100 miles, 
and was near the coast of Greenland at north latitude 74° and 
west longitude 16°. The party was in danger because the ice 
floe was breaking up, and rescue parties were attempting to 
reach them As part of an extensive scientific program, 13 
gravity expeditions had been made at the time of the latest 
report (35) It is probable that these observations were made 
with an apparatus embodying the principle of the Memesz 
fictitious pendulum, as described by Sorokin (14) in the report 
of his excellent work m the Black Sea, m which case the 
gravity results will not be prejudiced by tremors m the ice 
This work is valuable for it. promises gravity data in a region 
where observations are badly needed, and it introduces a 
feasible method which can eventually give gravity surveys 
over the entire extent of the polar seas 

The possibility of using modern airplanes to move an 
expedition from station to station on a polar ice sheet has 
placed a comprehensive survey of the polar seas within our 
reach, just as the development of submarines capable of 
making long ocean voyages made possible gravity surveys of 
the other parts of the oceans 

X Relation to Isobtasy and the Figure of the Earth 

The results of the marine gravity measurements have 
provided a direct confirmation of the principle of isostasy 
The mass-defect in the deep oceans, represented by the 
difference in mass between the water and an equal volume 
of rock, would produce negative anomalies as great as 500 
milligals if not compensated by a corresponding mass-excess 
beneath the floor of the ocean. The observed anomalies are 
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m general positive, and average only one tenth to one twen¬ 
tieth of this magnitude The large deviations from isostatio 
equilibrium which exist in the Meinesz belts may be con¬ 
sidered as very exceptional features to be explained by 
stiesses in the crust 

The results conti adict the elliptical form of the equator 
deduced from continental gravity measurements by some 
geodesists, and favor a gravity formula which does not contain 
a longitude term 

Stokes (36) gave a theorem by means of which the form 
of the geoid may be deduced from gravity measuicments, 
but in order to apply this theorem it is necessary to have a 
certain minimum density of gravity stations over the entire 
surface of the earth Hunter (37) has recently made a 
thorough study of the number and distribution of stations 
needed for the application of the theorem of Stokes, and of 
the precision attainable in computing the distance of the 
geoid from the spheroid of reference at a given point He 
concludes that a basic network of 1654 stations distributed 
uniformly over the suiface of the earth would make it possible 
to cairy through the computation with a probable error of 
±10 4 meters, while the addition of 84 suitably located 
local stations would reduce the probable error to ± 7 0 meters 
at a given point 

It is important that future gravity expeditions shall be 
planned with the need for this basic network in mind, and 
marine measurements are particularly important in this 
connection liecause many of the areas in which stations are 
needed me at sea 
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GRAVITY ANOMALIES AND ISLAND ARC STRUCTURE 
WITH PARTICULAR REFERENCE TO 
THE WEST INDIES 

HARRY HAMMOND HESS 

Department of Geology, Princeton Umvenuty 

Meinesz’h discovery of huge negative anomalies m the 
vicinity of island arcs is probably the most important contri¬ 
bution to knowledge of the nature of mountain building made 
in this century In the space of this short paper a complete 
review cannot be made of his findings and of their interpreta¬ 
tion, but the references given below will serve to direct the 
reader if he is inclined to go into the subject (1 to 8). When 
the significance of the huge anomalies and the structures 
which they indicate become appreciated, a ladical change in 
some of our ideas on mechanics and processes of mountain 
building becomes necessary Instead of pure speculation as 
to what happens in depth during deformation, certain concrete 
facts may now be substituted which definitely limit and 
control speculation to great advantage 

This symposium on geophysics and odfcan basins consists 
of a group of papers dealing largely with new technique and 
apparatus for attacking geologic problems at sea, but this 
particular article is included as an example of the interpreta¬ 
tion of data obtained from sonic soundings and gravity 
measurements Specifically it deals first with general princi¬ 
ples, and second, with structure and gravity anomalies in the 
West Indies The data collected by four expeditions are 
made use of, these being the investigations of the Netherlands 
submarine K XIII by Meinesz (1926), U. S Submarine S-21 
by Meinesz and F. E. Wright (1928), U S. Submarine S-48 
by Meinesz, Hess, and T T. Brown (1932), and U S. Sul>- 
manne Barracuda by M. Ewing, Hess, and A. J. Hoskmson 
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(1937) A reasonably dose gravity net is now available for 
the whole of the West Indian region, including a large number 
of land stations taken by the U S Coast and Geodetic Survey 
m the northern portion of the area Through the invaluable 
cooperation of the Hydrographic Office of the U S Navy, 
many new sounding lines have been made recently in the 
Caribbean Sea Much credit is due R M Field, whose keen 
foresight recognized from the beginning the immense im¬ 
portance of Meinesz’s work at sea in relation to fundamental 
problems m structural geology, and through whose efforts 
the last two expeditions mentioned above were made possible * 

Facts Concerning Anomalies 

1 Distribution of Anomalies with Respect to Topography 

Jn most cases the strongly negative anomaly belt hes on 
the outer (convex) side of the mam arc Such is the case 
southwest of Java and Sumatra and southeast from Haiti 
around the Lesser Antilles to Trinidad It may he approxi¬ 
mately over the axis of a long narrow ocean deep, as it does 
for example north of Puerto Rico But most commonly it 
lies over, or a little to one side of, a ridge which in many 
cases is flanked by ocean ttoughs on either side One of 
these troughs may.be a great ocean deep In the case of the 
Banda aic, where the negative strip lies along a ndge, the 
mnci trough is a great deep, the Weber deep, and m the case 
south of Java where the anomalies are similarly located, the 
great deep, Java deep, lies on the outer side of the ndge 
The ridge may project above sea level to form islands, as it 
does m the cases of the Banda arc, Timor, Nias, Barbados, 
Tnnidad, and many others 

The belt of stiongly negative anomalies is bordered on 
either side by complementary belts of positive anomalies 
which generally lie on topographic swells (geanticlines), the 
inner of which commonly emerges above sea level to form 

* The complete report on the Went Indie* will lie published shortly as the 
rcnultM of the erm* of the II S Submarine Barracuda (Navy-Geophysical Union 
Expedition) 
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the main arc. Examples of an emergent inner geanticline 
are Hispaniola, Puerto Rico, the Lesser Antilles, Java, and 
Sumatra. Christmas Island is one of the few examples of an 
emergent outer geanticline, though Aroe Island, part of New 
Guinea, and part of eastern Venezuela may also be cited 

2 Size of Anomalies 

w'he maximum negative anomalies observed are ovci 200 
milligals, and anomalies of 150 milligals are common No 
anomalies of comparable size (regardless of sign) are known 
on the continents 

3 Width and Length of Negative Anomaly Strips 
and Their Distribution 

The width of the negative strip, though variable, averages 
about 150 km. The strongly negative portion of the strip 
is commonly less than 50 km wide The negative strip in 
the East Indies is about 5000 miles long, but with further 
investigation it seems likely that it can be extended to the 
Marianne islands, continuing to east of Japan where the 
strip has been located, and thence northward to and along 
the Aleutians, making it very many times longer A negative 
strip might be predicted to occur associated with the New 
Guinea-New Zealand arc, and another will almost certainly 
be present around the Cape Horn, South Georgia-Antarctica 
island arc Details of the negative strip in the West Indian 
arc will be dealt with m this paper Indications of a negative 
strip m the Mediterranean from the Gulf of Taranto and 
southwestward on the Alpine trend have been found and a 
similar belt perhaps may be found on the Himalayan trend 
along the north shore of the Arabian Sea. (It seems likely 
that negative strips will be found only m the arcs mentioned 
above and nowhere else) 

In no case are two parallel strongly negative strips known, 
bot in every case it appears that the negative stnp is a single 
continuous band. 
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4 Location of Volcanoes with, Respect to the 
Negative Anomaly Strip 

Volcanoes be on the concave side of the negative sfLpip and 
about 160 km away from the axis of strip They are piobably 
located on radial fractures roughly perpendicular to the 
negative strip Groups of two or three volcanic centelg, one 
behind the other along radial hnes, may be noted onj Java 
foi example f 

i 

5. Serpentunzed Pendotite Intrusions and the Anomaly Xielt 
Serpentinized pendotite intrusions occur along or V«ry 
close to the negative strip, cutting rocks older than the hi** 
great deformation, which deformation was piobably re¬ 
sponsible for the first development of the negative strip 
They seem to be intruded during the deformation 

Explanation of the Negative Anomaly Sthip 
The anomalies of the negative strip are so large and of 
such a local nature that many of the explanations possible 
for small oi regional anomalies can be eliminated Thus the 
sum of the errors which may be introduced by observational 
mac cuiacies, imperfections m topographic corrections and 
gravity formula 1 , or incorrect assumptions as to the type of 
isostatic compensation, cannot make up more than a small 
fraction of such anomalies as these There can be no doubt 
that the major portion of the anomalies present in the negative 
strip is due to an abnormal mass distribution m the Earth’s 
crust below the stup, and probably to local departure from 
isostatic equilibrium 

Meinesz's explanation for the anomalies of the negative 
strip is that the Eaith’s crust buckles downward m a huge 
vertical isoclinal fold, and thus the light material of the upper 
crust might extend downward to a depth of 40 to 60 km. 
This would be sufficient to give the observed anomalies if 
the lower portion of the downbuckle had a specific gravity 
deficiency of about 0 3. No other adequate explanation has 
yet been advanced (Fig 1) 
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Application of the theory to the West Indian region 
results in the coordination of many geologic facts previously 
merely a collection of observations with no apparent relation¬ 
ship to one another So successful is the Memesz theory m 
the West Indies, both in predicting relationships which are to 
be expected (and have since m a number of cases been found) 
and in joining together m a single structural entity observa¬ 
tions which formerly fit into no definite pattern, that the 
writer has become completely convinced of the soundness of 
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the theory m general, though in detail it may need some 
modification He believes, as Memesz originally postulated, 
that only the upper 25 km of the crust buckles, and the 
material beneath that deforms by flowage laterally This 
idea is a corollary of the writer’s concept of the formation and 
intrusion of pendotites in the region of the tectogene (23) * 
It seems very likely that the crust becomes gradually weaker 
with depth as temperature increases, until finally a zone of 
practically no strength is reached at the base of the crust. 

" Tectogene - crustal downbuckle, Kuenen (2) 





76 


HARRY HAMMOND HESS 


Thus while the upper part of the crust may have sufficient 
strength to be buckled downward, the lower part would cer¬ 
tainly have less strength and might, reasonably be considered 
to deform by flowage Inasmuch as the anomalies indicate a 
disturbing factor about 50 km wide, the division between 
crust which has buckled and crust which has flowed may well 
be placed at 25 km depth (the 50 km width consists of the 
two limbs of the isoclinal downfold each 25 km. thick). 

Kuenen’b Experiments 

Kuenen’s (2) analytical examination and experimental 
test of Meincsz’s theory offers strong support The experi¬ 
ments performed by Kucnen are of particular validity because 



Fra 2 

two factors have been taken into consideration which are 
commonly neglected in experimentation with geologic models. 
The first is that the strength of materials used has been 
chosen so as to be of the right order of magnitude for the scale 
of the model, and second, the crust of the model has been 
floated on liquid paraffin to supply the zone of no strength 
beneath the enwt 

The experiments resulted in, first, the bending of the crust 
of the model into a regular series of sine curve folds, and 
finally into the buckling downwards of one synchne (Fig. 2). 
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(Two adjacept synchnee buckled downward in a few exj. rie 
ments, and then moved together and coalesced into a doublt 
structure No analogy to this has been found in island arcs) 
In no case does an anticline buckle upwards Once a syn- 
cline has buckled, further compression merely deepens that 
syncline, the “crust” coming up to that synchne and then 
running downwards over “rolling hinges ” 

In another set of experiments, Kuenen covered the crust 
with a very weak layer to represent a cover of sediments 
In the first stages of deformation, the sediments are carried 
along on the competent crust, but when the crust down- 
buckles, the weak sediments are squeezed out of the core of 



Fia J A Buckling of the crust with little or no incompetent cover The 
anomalies lie over an ocean deep B Incompetent cover present and weak 
material n squeezed up in geotectorlinAl zone Anomalies lie over a ridge f 
The same in detail a » gcosyneline, b <* emergent inner geanticline, c •* ocean 
trough of moderate depth, d *» geotectockne- upsqueezed zone, e «■ great ocean 
deep, / — submerged outer geanticline 


the tectogenc like toothpaste out of a tube, forming alpine 
types of structure (Figs 3, 4, 5) As will be seen later, 
structures of this upsqueezed type are found in connection 
with the negative strip m the West Indies. 

Theoretical Implications of the Mountain-building 

BY DOWNBUCKLING 

A further modification of Kuenen’s experiments might be 
considered. In both the East and West Indies, according to 
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, , writer’s concept, a second great deformation has occurred 
T* w i 1 ' considerable time after the first one, during which the 

fir pp Tl 

tectogene originally was developed In the interval between 
the first and second great deformations, one or both of the 
geanticlines on cither side of the tectogene may have emerged 
above sea level Erosion of these emergent portions, plus a 





I 1 10 4 2 A similar to li of figure 3 but whole structure here is submerged 

2 H Structure emerges and erosion and sedimentation take place 
iC A second great deformation forces the tectogene down further The 
old deformed sediments of the onglnal geotectochne are pushed up further and 
the younger interdetormational sediments are strongly deformed by the law 
i rusher effect as the two limbs of the tectogene come in and go down over rolling 
hinges The younger sediments on the geanticlines ate muoh folded when they 
come up against the bulwark formed by the geoteetochne 

great contribution of voleames from the concave side of the 
arc, may deposit great thicknesses of material m “geoeyn- 
clines” within the inner geanticline, and perhaps also outside 
of an outer geanticline, as well as in the central basin over 
the tectogene itself This basin over the tectogene will 
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henceforth be called the “geotertochne” because of its 
different structural behaviour and in many cases its different 
type of sedimentary sequence than that which occurs in a 
geosyncline as the term is generally used today * The second 



Fia 5 General section of the Alps superimposed on the toctogene Both 
features drawn to the same scale with no vertical exaggeration 

deformation will deform very intensely the material of the 
geotectocline Strong folding and perhaps thrusting of the 
interdeformational sediments, f if deposited, will occur, and 
probably further uplhrustmg of material originally squeezed 

* I hesitate to introduce a new term, but this one seems necessary unless a 
long descriptive phrase be written out each time this structural unit is considered 
The term “geosyncime" itself is difficult to use because it has been defined m 
several different nays some of which are expressed in terms of hypothetical struc¬ 
tural concepts and hypothetical conditions of sedimentation which probably have 
no actual counterparts in nature In this paper the term geosyncime is used 
broadly to signify an elongate gently dmmwarped trough of large size (at least tens 
of miles and perhaps hundreds of miles or more in length) The definition 
specifically includes no implication as to the manner of its warping Sediments 
may or may not be contained m it, but, if present, the nature of the sediments 
is not specified 

t Sediments deposited between two periods of deformation 
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out of the tectogene, if present, will take place This happens 
because the material in the geotectocbne is pinehed between 
a sort of jaw-crusher as the main crust moves toward the 
tectogene and down over its rolling hinges Furthermore, 
the material which may be on the geanticlines or in the adjacent 
geosynclines on the sides (or side) away from the geotectocbne 
will be earned forward toward the geotectocbne This 
material may then impinge against the upsqueezed mass in 
the geoteetoehne Upon coming against this bulwark, the 
weak upper part may be literally scraped off the main crust 
as it rides forward and down into the tectogene This is 
particularly true if very incompetent horizons, such as Balt 
beds or argillaceous sediments are contained in it The 
result will be that the cover will be thrown into folds and 
perhaps develop a schuppen structure as its forward progress 
is stopped by the bulwark and the main crust under-rides or 
in reality underthrusts it The Juras can perhaps be cited 
as an example of such structure (Figs. 3 and 4) 

Though the above is presented as speculation, it was 
arrived at largely by consideration of known structures in 
folded mountain systems and built up from generabzations 
concerning these systems which most geologists would today 
accept These generalizations were then fitted to the theory 
of downbuekling The narrow central area of intense defor¬ 
mation and metamorphism so common in intensely folded 
mountain Bystems becomes the geotectoclinal zone The 
broad areas generally characterized by open-folding and m 
many cases by great thickness of sediments become the 
adjaceut geosynchnal areas This is the tectonic zone in 
which a large proportion of the world's great oil fields are 
found Thus in the West Indies the geotectoclinal zone may 
be seen in the metamorphosed and much deformed sedi¬ 
mentary rocks of the North Range of Tnnidad and its 
continuation m the coast ranges of northeastern Venezuela, 
and the folded geosynchnal zone of thick sedimentary se¬ 
quences (younger than the first deformation m large part) 
may be found to the south in areas now being exploited for 
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oil In the East Indies the geotectoclinal zone is found on 
Nias, Timor, Tenimber, Ceram, etc , and the folded geosyn- 
chnal zone is represented by the great oil field areas of Java, 
Sumatra, etc (Umbgrove’s poly- and idio-geosynclinal areas 
respectively (1)) * 

Let us now turn from general theory and speculation to 
the more concrete topic of actual relations in the West Indies 

The West Indies 
Gravity Field (Plate I) 

The most significant feature of the gravity field is the 
well defined negative strip which extends from the eastern 
end of Cuba completely around the arc to Trinidad where it 
probably crosses that island, the Gulf of Paria, Northeastern 
Venezuela just south of the Coast Range, hence north¬ 
westward to sea around the north side of the Dutch islands, 
and finally southward into Colombia The portion between 
Trinidad and the Dutch islands has not been investigated, 
but almost certainly the anomalies wdl be found there 
Meincsz is probably taking some stations m that area at 
present, m connection with tests he is making 

The anomaly values along the axis of the negative strip 
from Cuba to Trinidad commonly reach — 150 miiligals 
The largest anomaly is — 183 over the llrownson Trough 
north of Puerto Rico Here and north of Hispaniola the 
axis of the strip is practically coincident with the axis of the 
trough Over the sharp flexures in the negative strip, both 
at the north end of the Lesser Antilles northeast of the Virgin 
Islands, and at the south end in the vicinity of Trinidad, the 
anomalies are somewhat smaller, being under — 100 miiligals 

* Umbgrove’s and Kuenen’s analysis of the East Indies (1) have been most 
helpful in working out the West Indies and served as a solid base from which to 
begin On the whole our conclusions agree remarkably well, only differing at a 
few points In dealing with such complex sets of data involving much inference 
it is surprising and also pleasing that we do agree so well It is also to be expected* 
that the differences in evidence found in the East and West Indies and differences 
in viewpoint and attack of the investigators are bound to lead to some divergences 
of opinion 
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Perhaps this is due to a lateral stretching of the tectogeno 
where the sharp bends m the strip occur 

The Brownson Trough, previously known north of Puerto 
Rico and the Virgin Islands, curves around parallel to the 
Lesser Antilles and extends almost as far south as latitude 17° 
Southward from this latitude a ndgc appears along an 
extension of the same axis. Barbados lies on this ridge, and 
the negative strip continues along the ridge just as it did 
along the deep This is interesting when Kuenen’s experi¬ 
ments are taken into consideration, for certainly the top¬ 
ography and gravity anomalies north of Puerto Rico strongly 
suggest the type of structure shown in Fig 3a, whereas a 
section from the Lesser Antilles through Barbados indicates 
the structural conditions of Fig. 3c In the East Indies the 
negative strip generally does not he over the deep but along 
a ridge which may be flanked on one or both sides by troughs. 
Presumably most of the East Indian negative strip corre¬ 
sponds to the Barbados type of structure 

From latitude 19° to latitude 15°, the anomaly axis lies 
to the west of the axis of the deep at the north end, and 
west of the axis of the ridge at the south end. The anomaly 
profiles arc somewhat asymmetrical, being steeper on the 
west side of the axis This may mean a slight eastward 
overturning of the tectogene 

The strongly negative strip terminates at the eastern end 
of Cuba A belt of smaller negative anomalies, however, does 
continue westward with its axis approximately over the north¬ 
ern half of Cuba. The writer believes it very probable that 
the negative strip did at one time extend the length of Cuba 
and thence southwestward to and across Gautemala. The 
writer will return to a discussion of this pomt later. 

Positive anomalies are found in bands on either side of 
the negative strip The crests of the positive bands lie 
about ISO km on either side of the axis of the negative strip, 
though m a few places they may come as close as 100 km. or 
as far away as 200 km The positive anomalies of these 
bands generally range from -f 20 to + 40 m the West Indies. 
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An exceptionally large anomaly la found at Curacoa, however, 
+ 80 The analogous positive anomaly bands m the East 
Indies generally show much higher values, many being over 
+ 100, although the negative values found in the East 
Indian negative stnp are about the same as those of the 
West Indies, or a little smaller on the average 

Outside of the arc a faint suggestion of small undulations 
exists parallel to the negative strip, both m gravity field and 
topography The distance from crest to crest of these 
undulations seems to be about 250 km. 

In the basins of the Caribbean and Gulf of Mexico the 
anomalies are generally positive. As a rule, the deeper the 
water for a given basin, the more strongly positive are the 
anomalies The profile made by the S-48 from Jamaica to 
the west end of Cuba shows the relationship most clearly 
Here the anomaly profile drawn to an appropriate scale over 
the sounding profile results m the one becoming an almost 
perfect mirror image of the other Enclosed basins in other 
parts of the world show similar relations The reason for 
this relationship is not apparent, and no adequate explanation 
can be offered at present Memesz’s suggestion of downward 
convection currents below the crust to explain the positive 
anomalies in the oceans does not seem applicable here, be¬ 
cause such a process going on at considerable depth does not 
seem consistent with the very close correlation of anomalies 
and topography. 

Serpentmued Peridotite Intrusions (Fig 0) 

In the East and West Indies, as well as in other island 
arcs of this type, a belt of serpentimzed pendotite is always 
present in the most intensely deformed zone In the East 
and West Indies the serpentines may be seen to follow closely 
the negative strip except where younger sediments and 
volcamcs hide them from view The writer has made a 
fairly exhaustive study of this particular type of intrusion 
(21 to 23). The conclusions arrived at are that the serpent- 
inized peridotites of the type found in island arcs and in the 
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geotectoclmal zone of all mountain systems represent an 
ultramafic magma which is intruded during the first great 
deformation when the tectogene is formed Furthermore, 
they apparently never occur under any other conditions than 
m connection with such highly deformed zones They are 
cxtiemely useful indicators of the position of the geotectoclmal 
zone in old, now deeply eroded, mountain systems, and also 
are most helpful m accurately dating the time of deformation, 
and extending this dating for the whole length of a given 
serpentine belt A second deformation, shoving the same 
tectogene down again, does not seem to produce a second 
period of intrusion of this magma 

In the West Indies a great serpentine belt extends east- 
west across Guatemala, the whole length of Cuba north of 
the central axis, through northern Hispaniola, and across 
Puerto Rico It is not found in tho Lesser Antilles, because 
if it, were present it would probably lie a Utile to tho east 
under water, but if some of the marginal intrusions were 
present m these islands, they would be covered by the younger 
sediments and voleames which are all that outcrop on them 
The serpentines reappear in the island of Margarita, and are 
present on Orchila and El Roque, and again at Cape Vela on 
the Goapra peninsula, hence they apparently bend southward 
to form the great serpentine belt of the Cordillera Central 
of Colombia 

The serpentines intrude Upper Cretaceous rocks for the 
most part But in Cuba they are probably younger than 
certain Lower Eocene beds, and definitely older than the 
Upper Eocene on that island There is much evidence of 
intrusion during deformation The most probable date of 
intrusion for the whole belt is approximately at the end of 
Middle Eocene 

These intrusions may be made use of in two connections 
in the West Indies. First, they indicate the position of the 
negative strip m the unsurveyed stretch between Trinidad 
and the station north of Bonaire where the strip was again 
picked up Second, they clearly show that the negative 
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strip once continued along the north coast of Cuba, and 
thence to Guatemala and westward, but it has since largely 
disappeared They also show that the negative stnp in the 
southern Caribbean joins with the Cordillera Central and 
once extended down along it, though today it has probably 
disappeared just as is the case in Cuba 

Age of the Negative Strip 

Though many geologists who have not worked m the 
West Indies have a tendency when writing about that area 
to place a great deformation at the end of the Cretaceous, 
there is fair agreement among those who have studied the 
region in recent years that the great deformation came within 
the Tertiary It apparently should be placed before the 
widespread Upper Eocene deposits and after certain Lower 
and Middle Eocene sediments The end of Cretaceous was 
in many places marked by emergence, so that a disconfornuty 
may bo piesent between it and the Eocene, but so far as the 
author is aware, no folding occurs at this time m the West 
Indies. 

The most intense zone of deformation of earliest Tertiary 
and Cretaceous rocks follows the present negative strip (and 
its former extensions as suggested above) Portions of the 
same zone were strongly deformed again in late Miocene and 
Pliocene tame * The serpentines, as has been mentioned, 
accompany only the Eocene deformation The conclusion is 
that the negative strip was formed during the Eocene defor¬ 
mation, but has been rejuvenated to some extent by further 
shoving down of the tectogene during the late Tertiary 
deformation 

Great Em/i/ts of the West Indies and Their Relation 
to the Anomalies 

The greatest fault in the West Indian area is that which 
lies along the northern scarp of the Bartlett Trou gh from 

* \notber deformation about middle Oligneene m age may tie noted in Haiti 
and northern South Amt rioa 
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Guatemala to the Windward passage, and bounds the southern 
coast of eastern Cuba This fault is still active today, but 
some consider it a feature which has been active since great 
antiquity With this the writer cannot agree He beheves 
it was formed during the late Miocene deformation Hill (13) 
says that the conglomerates of the Richmond beds (early 
Eocene) in Jamaua indicate land at that time to the north¬ 
east (now the eastern part of the trough) The now isolated 
islands on the borders of the trough, Swan Island and the 
Caymans, have Tertiary limestones containing such ter¬ 
rigenous material as quartz and mica. Furthermore, it is 
not likely that the flat-lying Oligocene and Miocene limestones 
of the Caymans, which have in part been correlated with 
Jamaica, were laid down at the very brink of a great fault 
trough which now separates Jamaica from those islands 

The wnter believes that the fault along the north side of 
the Bartlett Trough is one along which horizontal movement 
took place during the later Tertiary deformation The south 
side moved east, the area south of the fault was thus relieved 
of compression and became complexly block faulted The 
area north of the fault, Cuba, suffered only a moderate amount 
of late Tertiary deformation, whereas Haiti, which was not so 
relieved, became very intensely folded in Miocene and 
Pliocene time This is the cause of the chief difference in 
the late Tertiary geologic histones of Cuba and Haiti Also it 
explains the abrupt disappearance of the negative strip at 
the east end of Cuba and its present absence from the whole 
length of Cuba Presumably movement along the fault took 
up the stress of the late Tertiary deformation, so that the 
tectogene was not rejuvenated north of the fault and actually 
pressure has been so much relieved that the tectogene under 
Cuba has largely disappeared by lateral spreading, isostatic 
uplift, or both 

A smaller fault on the north side of Anegada passage,' 
south of the Virgin Islands, which probably is of the same 
type, has had a similar though less stnking effect on the area 
to the north of it The late Tertiary rocks of Puerto Rico, 
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according to Myerhoff, are but slightly deformed The 
diminished values of the negative anomalies of the stop 
north of the Virgin Islands may also be an effect of the 
Anegada fault, though the writer has suggested an alterna¬ 
tive explanation above 

An east-west fault is suggested by the topography just 
north of Barbuda 

On the cast side of the negative sti ip a great fault scarp 
0,000 feet high (south side up) was located by some soundings 
east of Guadeloupe near longitude 57° This apparently also 
extends east-west 

A number of east-west faults were mapped by H Hanna 
on the island of Barbados 

Great faults probably bound the block of metamorphosed 
rocks comprising the north range of Trinidad and its extension 
into northeastern Venezuela according to Kugler These 
ranges may represent up-squeezed blocks of metamorphosed 
Cretaceous sediments in the geoteotoclmal zone 

All of these faults, except the last mentioned, run up to 
and probably terminate m the geoteetoclmal zone It seems 
to the speaker they were formed by adjustments of the crust 
as it moved up to the tectogene and down into it. Relative 
differential horizontal movements of one sector as compared 
to an adjacent one would be expected to take place as the 
crustal downfold formed Most of these adjustments, which 
are now discernible, seem to be related to the second great 
deformation 

If we postulate a downbuckling of the upper crust to a 
depth of GO km (or perhaps more if several deformations of 
the same tectogene take place) along a sinuous curve such as 
presented by the East or West Indian negative Btnps, great 
horizontal adjustments must take place in the crust, both 
inside and outside of the arcs. Horizontal movements of the 
order of magnitude of 50 km along such faults as the Bartlett 
Tiough fault are not only likely, but inevitable, if the crust 
is to adjust itself to a curved downbuckle of this size. Thus 
it is not inconceivable that Haiti has moved N.N E. 50 km. or 
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more, and once stood below and adjacent to Cuba, or that 
the portion of the crust now forming the Lesser Antilles 
geanticline once stood far to the west of its present location, 
so that it formed a continuous chain with the southeastward 
trending folds to be found m the Cretaceous rocks of Puerto 
Rico, which now strike into the Caribbean, where no trace of 
them is discernible on the sea floor 

Structures ok the Geotectoclinal Zone 

The small area of outcrops of older rockB m Barbados 
presents an extremely interesting picture Barbados lies 
almost on the axis of the negative strip and typical geotecto- 
clinal conditions should obtain there The writer offers the 
following interpretation of the history of Barbados The 
Oceanic series, probably deep-water sediments, are moderately 
deformed They lie above the very intensely deformed Scot¬ 
land series, which are shallow water 01 perhaps in part terres¬ 
trial sediments of quartzose character, no doubt denved from 
a once emergent geanticline to the west The lower part of 
the Oceanic series is Upper Eocene in age according to 
Kugler, and the Scotland series very slightly oldei Between 
these two formations is found what has been described as a 
“mud flow,” contaimng huge blocks of sandstone in a silty 
matrix But to the writer this breccia bears a strong re¬ 
semblance to the outcrops of the great submarine landslide 
which he has seen in the city of Quebec (see Collet, Bailey, 
and Field, 14) Furthermore, since they lie on the junction 
between shallow water or terrestrial sediments below and 
deep sea sediments above, with practically no time interval 
between them, this hypothesis becomes even more likely. 
The following sequence of events is tentatively suggested 
In the interval of time between the deposition of the Scotland 
series and the Oceamcs, the great deformation took place 
forming the tectogene The Scotland series were squeezed 
up out of the core of the tectogene and thus intensely de¬ 
formed, but the downward movement forming the tectogene 
left the tops of these folds at the bottom of a deep steep-sided 
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ocean trough. Silt and blocks of the Scotland senes rocks 
slid down the steep sides covering portions of the bottom of 
the basin This was followed immediately by the beg inning 
of deposition of the deep water sediments—the Oceamcs 
For a long period of time the deposition continued It is 
not known what the upper age limit of the Oceamcs is 
Sedimentation may have continued into the Miocene In the 
Miocene deformation the Oceamcs were folded and the whole 
sequence squeezed further up out of the tectogenc again, 
approaching the surface of the sea or actually emerging. 
Some marine sediments and coral reef formations follow, 
accompamed by further uplift, possibly as a result of isostatic 
adjustment. Today the island emerges fiom the sea to a 
height of 1,100 feet and the coral reef cover has been stripped 
off the northeastern portion 

In general thrust faulting and overturning of anticlines 
occurs in both directions outward from the axis of the geo- 
tectoclinal zone In most cases thrusting and overturning is 
much more extensive on one side of the axis than on the other 
(the Alps, for example) In northeastern Venezuela the 
folding becomes much more intense, proceeding from south to 
north toward the ('oast Range, and as that range is ap¬ 
proached thrust faults with southward displacement may be 
found (see Hedberg and Kamen Kaye, 15, 16) In Trinidad 
south of the North Range, overturning and thrust faulting 
ib dominantly southward In the metamorphosed sediments 
of the Noith Range itself, the overturning is in the opposite 
direction toward the north, and small thrust faults with 
northward displacement may be seen in these rocks Very 
close to the south side of the North Range, late Tertiary 
sediments may be observed dipping in toward the range. 
The junction between the late Tertiary sediments and 
Cretaceous metamorphics of the North Range here must be a 
steep fault It appears that the rocks of the North Range 
have been thrust steeply upward and represent a shoe of 
rocks from deep in the geotectoclmal zone. This movement 
may represent an isostatic adjustment since the last deforma- 
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tion (in as much as the range is nearly over the axis of the 
tectogene), taking place along older steeply dipping fault 
planes related to the Mio-Fhocene deformation. 

Trinidad is also interesting m that it presents a very close 
resemblance stratigraphically and structurally to Barbados. 
The Mount Moriah formation, with a great boulder bed and 
block conglomerate at its base, is equivalent and analogous 
to the Oceanic series of Barbados with its basal “mud flow ” 
No doubt Trinidad in this epoch has a history much the same 
as that already outlined for Barbados 

Again in Curacoa, on the south side of the geotectoclinal 
zone, Molengraaf (17) described the folding as decreasing m 
intensity southward, and the overturning is toward the 
south 

Along the north coast of Cuba the overturmng of folds and 
thrusting seems to be dominantly northward, but on the south 
coast in Pinar del Rio and probably also in the Tnmdad 
mountains, the thrusting and overturning are m the opposite 
direction The axis of the geotectoclinal zone runs between 
the two 


Volcanic Activity 

Volcanic activity at present is limited to the smoothly 
curving arc from Saba on the north to Grenada on the south. 
This arc terminates abruptly a few miles northwest of Saba 
and a few miles southwest of Grenada This arc does not 
represent the crest of the inner geanticline The structural 
crest generally lies thirty or forty miles to the east of it. 
At the north end of the arc islands, largely made up of 
sedimentary rocks, occur along the crest, but the southern 
half of the crest is covered by water. 

The volcanic arc is probably underlain by Cretaceous 
rocks, Buch as those in the Virgin Islands. Lacroix’s (18) 
description of xenoliths of the basement rocks brought up in. 
the volcamcs include gabbros, diorites, diabases, metamor¬ 
phosed limestones, and cordiente rocks, no doubt meta¬ 
morphosed equivalents of argillaceous sediments Almost all 



92 


HARRY HAMMOND HESS 


of the islands, though dominantly made up of volcanic ma¬ 
terial, do have small amounts of sediments of various ages 
At the end of the Cretaceous, volcanic activity was much 
more extensive, however, and apparently extended for the 
whole length of the present geotectoclinal zone Thus great 
masses of volcanic material are present m the late Cretaceous 
sequence of all the Greater Antilles as well as in those of the 
Dutch islands north of Venezuela Where erosion has cut 
deeply enough, quartz dionte and granodionte mtrusives may 
be exposed, no doubt the intrusive equivalents of the domi¬ 
nantly andesitic volcamos These are of the same type 
chemically as the great series of Andean intrusions 

Some soundings show a series of peaks on the western flank 
of Aves Swell parallel to the Lesser Antilles arc and 250 km 
west of it Aves Island is the only one which projects above 
sea level Nothing is known concerning the nature of this 
rock Profiles across the peaks strongly suggest submerged 
volcanoes The lack of seismic activity along the greater 
part of this swell in the vicinity of the peaks suggests that if 
they aic volcanoes they are extinct One peak a few miles 
northwest of Aves has, however, been the locus of three 
eai thquukes These are the only ones recorded for the whole 
length of the swell 


Seismic Activity 

Earthquake shocks of low intensity are very frequent 
along the Lesser Antilles arc and may be directly correlated 
for the most part with activities of the volcanoes 

In a general way it may be said that there is a correlation 
between seismic activity and the negative anomaly strip 
It is not, however, a direct relationship Comparatively few 
strong earthquakes have their epicenters on the strip. From 
the \irgm Islands to Barbados, for example, not a single 
earthquake haH been recorded on the stnp Again, north of 
Hispaniola no eaithquakc epicenters are found on the negative 
anomaly belt In the southern Caribbean no epicenters he 
on the strip for its whole length, from where it probably goes 
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to sea in northeastern Venezuela to Colombia (as Captain 
Heck points out m the discussion) A strong earthquake, 
however, did occur a few years ago just where the strip 
presumably leaves the mainland of Venezuela, striking to the 
northeast (Cumana earthquake) The only earthquake epi¬ 
centers recorded on the strip or very close to it occur from 
Barbados to Trinidad and in the Brownson Trough The 
only conclusion which the writer can draw from these data is 
that the tectogene is at present m a rather plastic state and 
deforms by flowage rather than by the sharp displacements 
along fractures which would produce earthquakes 

Earthquakes are numerous and commonly of major 
strength along the fault zones and probable fault zones which 
run into the tectogene In this zone we are dealing with 
normal crust which, unlike the now heated up crust deepei 
m the tectogene, reacts to stress in many cases by fracturing 
It is these readjustments (mostly m the inner, concave side 
of the arc, but also present on the outer side) caused by differ¬ 
ential movements of various sectors of the crust as they move 
toward the tectogene which apparently produce most of the 
earthquakes In this sense there is a correlation between 
seismic activity and the belt of strongly negative anomalies 
The Puerto Rico-Virgin Island area close to the Anegada 
fault is an area of great seismic activity Seven earthquake 
epicenters are located in the Bartlett, Trough, and quite a few 
more in the immediate vicinity, particularly in Jamaica 
The west side of Central \menea northward into southern 
Mexico is a region of most intense seismic activity, and m 
part an area of great volcanic activity. These phenomena, 
however, do not seem to be related to the major structures 
of the island arc, but are of more recent origin and probably 
are to be correlated with a northwesterly trending fault zone 
diagonal to regional structure 

As Captain Heck points out,* the earthquake belt in 
northern South America departs from the negative anomaly 
strip and swings westward from Trinidad across Venezuela, 

* See discussion m this symposium 
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and then southward m western Venezuela and eastern 
Colombia with the Eastern Cordillera of the Andes. 

It is interesting to note that the area north of the great 
Bartlett Trough fault is completely devoid of earthquake 
epicenters All of Cuba, Florida, and the Bahamas, are 
free of earthquake epicenters (except for a single center near 
the eastern margin of the area in the channel north of the 
eastern end of Cuba) This area seems to be one of unusual 
quiescence at present The reason is the same as that given 
for the general lack of strong deformation in Cuba at the 
time of intense folding in Haiti and elsewhere m the West 
Indies in late Tertiary time The release of stress from this 
area by movements along the Bartlett fault must be very . 
effective Indirectly it offers proof of the Miocene age of 
the Bartlett Trough, for if the fault were there during the 
great Eotene deformation, the Cuban area would not have 
been so intensely deformed 

Conclusion 

At least one positive conclusion can be drawn from the 
geophysical and geological study of the West Indies that is, a 
settlement of the long standing controversy as to whether the 
liesser Antilles represent a structural connection between the 
east-west ranges of the Greater Antilles and the east-west 
ranges of Venezuela, which are a continuation of the Andean 
chain, or whether the Antillean ranges and Venezuelan ranges 
both continue eastward in structures beneath the ocean, 
perhaps to join the Alpine chains of Europe and northern 
Africa as some European geologists suggest. The Lesser 
Antilles are on a geanticline and do represent the structural 
(onnection between the Venezuela chain and the Greater 
Antilles, as »Suoss originally postulated, and the contrary 
interpretation may now be discarded 
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Notes on Plates (in pocket) 

PLATE l Tectonic Map 

Most of data on tectonic trends on land areas taken from the literature 
Submerged structures suggested bv topography, gravity anomalies, or both 
Topography from Hydrographic Ofhoc charts, the Barracuda Expedition and 
recent soundings taken by the U S Navy With certain exceptions, sufficient 
soundings are available to make all major features of the topography show 
reasonably accurate, though no doubt more soundings would add much to the 
detail The exceptions to the above statement arc the following (1) North of 
the Gulf of Maracaibo and hence northwestward to the south end of Beata Ridge, 
(2) A large portion of the area included on this chart of the Atlantic Ocean outside 
the Ijesser Antilles 

PLATE II Provisional Isostatic Gravity Anomaly Chart 

The gravity anomalies taken by the four expeditions to the West Indies, as 
well oh a large number of land stations token by the U S Coast and Geodetic 
Survey parties, furnish the basis for the contours The stations at sea arc widely 
spaced If a closer net of stations were taken, no doubt a much greater com¬ 
plexify in detail would be found, just as has been found where the stations are 
closely spaced in Cuba Nevertheless, it is unlikely that the mam features of 
the gravity held as shown would be materially changed The anomaly field from 
eastern Venezuela to north of Bonaire is doubtful The probable former exten¬ 
sion of the negative anomaly strip into Colombia is indicated only by the geology 
A nanow east-west positive area crossing central Puerto Rico has been omitted 



THE ROLE OF EARTHQUAKES AND THE SEISMIC 
METHOD IN SUBMARINE GEOLOGY 

N H HECK 

Chief Division of Terrestrial Magnetism and Seismology, 

U 8 Coast and Geodetic Survey 

The thought of an effective attack on the problems of 
submarine geology is rather appalling in view of the vast 
extent of the oceans. To bring the problem within reasonable 
bounds there must be limited objectives The problem is so 
new that even these cannot be attained without the con¬ 
tinuing development of fundamental methods There is need 
for careful selection of areas which would be suitable both 
for the development of methods and also for furnishing 
valuable results when attacked by these methods My 
purpose is to show that seismic considerations will prove a 
useful guide in the selection of these areas 

Earthquakes are associated with mountain structures 
whether of the continents or of the island arcs and with their 
associated deep ocean troughs They arc known to occur 
along the great nses or ridges m the Pacific, Indian and 
Atlantic Oceans and the inference is reasonable that these are 
mountain structures, especially as earthquake epicenters are 
relatively rare m the adjoining ocean basins. If these nses 
are mountain structures, their surface expression is probably 
very different from that of continental mountains Even if 
they may have once been above the sea, they have un¬ 
doubtedly been submerged for vast periods when no transfer 
of material by erosion and deposition could take place 

The first feature to be discussed is the Mid-Atlantic Ridge 
which writers have associated with the lost continent of 
Atlantis and which has also been considered a remnant left 
behind in the parting of the continents according to the 
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Wegener hypothesis of continental drift The idea comes 
from the peculiar and indeed umque configuration of the 
Ridge which extends the entire length of the North and South 
Atlantic Oceans and which, throughout its length is approxi¬ 
mately half way between the continents and roughly parallel 
to their shores 

The information regarding the Mid-Atlantic Ridge is 
quite inadequate and it is even rather difficult to outline its 
boundaries The 12,000 foot or 2000 fathom curve has been 
selected (Fig 1) and on this basis the Ridge has widths varying 
from less than 100 miles to nearly 700 The part of the Ridge 
which has deep water on either side from about 53° N 
Latitude to 30° 8 Latitude has an area of 2,750,000 square 
miles or about 11/12 that of the United States The part of 
the Ridge which has less depth than 1500 fathoms is outlined, 
but the information is too inadequate to make it possible to 
show other curves of less depth The Ridge m general rises 
from 3000 to 6000 feet above the ocean bottom on either side, 
though some of the island peaks rise as much as 18,000 to 
20,000 feet above it North of 53° N latitude the 2000 
fathom curve is discontinued because of the decreasing general 
depth of the ocean and the approximate 1500 and 1000 
fathom curves are shown 

It is of interest that the first recognition of the existence 
of a ridge tame m 1854 in the course of the surveys for the 
first transatlantic rabies The discovery of Faraday Hills 
with a depth of loss than 700 fathoms gave rise to a hope 
whu h was not realized that a great plateau of moderate depth 
would be found The actual depth over most of the Ridge 
is c nnaulerahlc 

The curves shown between 60° N and 47° 8 arc taken 
from three bathomctric charts of the International Hydro- 
graphic Ruieau at Monaco all of which have been revised to 
withm the past two ycais The knowledge of the southern 
portion of the Ridge is to be ciedited largely to the work of 
the (lei man sun eying ship Meteor since the World War 
However even the most casual inspection of the charts shows 
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the great need for additional soundings and makes it clear 
that nowhere have the surveys been intensive. 

Figure 1 shows how closely the earthquakes are confined 
to the Ridge, how much of the Ridge has been seismically 
active in recent years, and how comparatively few are the 
earthquake epicenters in the basins on either side except 
between the Azores and the Ibcnan Peninsula. It is of in¬ 
terest, though beyond the scope of tlus paper, that the 
earthquake activity of the Ridge extends into the Arctic 
Regions, passing between the North Pole and Siberia and 
entering the continent to join the major earthquake belt in 
the vicinity of Kamchatka (Fig 2) 

The activity of the Mid-A. tl antic belt was first worked out 
by Tams (1) for the period 1908-1926. There were many 
earlier reports from vessels experiencing earthquakes, es¬ 
pecially m the equatorial portion, but since the uncertainty 
of the determinations may be on the order of 100 miles, these 
have not been included Even in the case of instrumental 
determinations the recording stations are so distant that there 
is considerable uncertainty The positions given by Tams for 
the period 1913-1926 in many cases differ materially from 
those given in the International Seismologioal Summary. 

The earthquake areas outlined in figure 1 are made suffi¬ 
ciently large to take account of the uncertainty of position of 
the epicenters In the absence of seismograph stations along 
the Ridge, only those earthquakes sufficiently strong to be 
recorded at distant stations are located and all others escape 
record. This is especially true of the southern portion 
The long gaps between regions of seismic activity along the 
Ridge shown in figure 1 would probably be much shorter if 
all the earthquakes could be recorded, or if, even under 
present conditions, the record had extended over three 
hundred years, the approximate length of the oldest earth¬ 
quake history of the United States Imamura (2) considers 
even this period very short for the appraisal of the seismicity 
of a region 
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However there is sufficient evidence to show that while 
there are destructive earthquakes in the Azores and others of 
equal intensity at a number of places along the Ridge, the 
equatorial portion has the largest number of severe earth¬ 
quakes 

The Kidge is without connection with the continents 
except for Walfish Ridge in the south Likewise there is no 
connection with other earthquake belts except possibly to the 
east of the Azores The western boundary of the Mediter¬ 
ranean portion of the major belt has not been defined and the 
epicenters shown on figure 1 may mean an actual connection 
between the two belts However the charts indicate neither 
rises nor deeps though the bottom appears to be quite ir¬ 
regular The distance between the M id-Atlantic belt and the 
Caribbean portion of the major Cireum-Pacific belt is so great 
as to preclude evidence of connection 

The delineation of bottom contours and the measurement 
of gravity at sea have been discussed Further information 
regarding geologic conditions, including layers of discontinuity 
and to some extent character of the material, can be obtained 
by the application of seismic methods, using either natural 
or artificial earthquakes (explosions) 

For a number of years the explosion method has been 
successfully used m shallow water, especially bayous, along 
the shores of the Gulf of Mexico, to ascertain the underlying 
geologic structure In 1935 Dr Ewing with others (3, 4) 
proved that it was possible to do explosion work out to the 
Atlantic Coastal Slope, which lies about 80 miles off-shore in 
the region of Chesapeake Bay This work has made it 
possible to trace the crystallized basement (peneplain) rock 
beneath the Cretaceous and consequently to follow to sea¬ 
ward a fundamental continental structure whose type and 
date are known, (Fig 3) A tribute is due to the Geological 
Society of America which supported the work and especially 
to the Woods Hole Oceanographic Institute which has made 
the work possible, as well as to many other cooperating 
institutions Dr Ewing has authorized me to state that he 
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has recently proved that apparatus developed by him can 
be used to a depth of 2600 fathoms, though there are still 
many problems to be solved, and he also considers it possible 
to explore the bottom materials to a depth of 10,000 feet. 
(He should be describing this work, except for the requirement 
that each participator in the symposium covers only one 
subject) 

The application of the explosion method is greatly needed 
in the study of tlie Mid-\tlantic Ridge as well as of the ocean 
basins 



Explosions have the great advantage that time and place 
of occurrence are accurately known However the waves sent 
out will give only very superficial information unless quantities 
of explosive, prohibitive m cost and dangerous to handle 
aboard ship, are used For greater depths it is necessary to 
study earthquake waves since they penetrate to any desired 
depth. However for the study of the crust, earthquakes at 
a distance of only a few hundred miles are needed and special 
instiuments arc needed to record them The great difficulty 
m the case of earthquakes is that the same waves which tell 
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about the condition of the medium through which they pass 
must also be used to locate the earthquakes including depth 
beneath the surface and to give the time of occurrence, and 
the two demands are not independent This fact tends to 
limit the amount of information that can be obtained and its 
accuracy 

Ordinarily oceanic islands (those which are not merely the 
surface expression of a submerged continental area) since they 
are predominantly volcanic or coral, do not well serve the 
puipose of affoiding exposures of geologic formations which 
arc one of the chief resources of the geologist on larger land 
areas There are occasional exceptions and one of special 
mtciest has been pointed out by H S Washington (4)—St 
Paul ltocks m the equatonal part of the Mid-Atlantic Ridge, 
which is composed of heavily metamorphosed pendotite or 
dunite, a plutomc rock usually found beneath the granite 
From this Washington and others have deduced conclusions 
about the Ridge which should be investigated The essential 
point regarding suboceamc geology is that the chief de¬ 
pendence must be placed on geophysical methods of attack. 

The information regarding suboceamc structure from the 
study of waves from natural earthquakes is indicated by 
(Jutenberg (5) He finds a layer of varying depth beneath 
the continents but on the order of 50-60 kilometers, a layer 
20 kilometers thick beneath the Atlantic Indian, and south¬ 
west part of the Pacific Ocean, and a complete or nearly 
complete absence of similar layers in the rest of the Pacific 
and part of the Arctic Ocean The picture is not one of 
essential difference in surface conditions but rather that the 
condition beneath the main Pacific is found all over the 
earth, and that over the Atlantic at a certain depth beneath 
the continents (Fig 4) 

The thickness of the continental layer vanes from place to 
place and the same is probably true for the Atlantic layer 
It is important that use be made of every earthquake along 
the Ridge to test this whenever possible. 
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So far as is known no deep focus earthquake (100 to 700 
kilometers m depth) occur on the Mid-Atlantic Ridge 
Since these arc found chiefly along the rim of the Pacific 
Ocean in its northwest and southeast portion, the inference 
might be drawn that no unusual forces aie at work in the Mid- 
Allantic region 

From the seismic viewpoint four specific types of area can 
now be outlined wheie investigations are feasible by a properly 
financed expedition which are certain to produce results of 
major importance 



1 A ndge or rise area, preferably of the Mid-Atlantic 
Ridge 

2 An ocean trough or fore-deep 

3 An area of transition from continent to Atlantic Ocean 
with particular reference to depth of layers. 

4 A similar area for the Pacific Ocean 

The complete examination of these areas includes de¬ 
limitation of bottom contours, with accurate determination of 



ROLE OF EARTHQUAKES IN SUBMARINE GEOJjOGY 105 

position, determination of character of materials and layers of 
discontinuity by the use of the seismic method either with 
earthquakes or explosions, gravity determination, and bottom 
sampling with geologic study of cores It may not be possible 
to carry on all of these and all cannot be done by the same 
expedition but the need for carrying on as many as possible 
and of coordinating what is done should be recognized 

1 Three areas of the Mid-Atlantic Ridge might be con¬ 
sidered m the order of their desirability from the seismic 
viewpoint The first is a portion of the equatorial section of 
the Ridge, preferably in the vicinity of ISt Paul Rocks 
This is a region of severe earthquakes and of great ranges in 
depth from ocean troughs to slight projection above the 
surface The chief objection to this choice is the lack of a 
convenient! base of operations for vessels doing sounding, 
gravity determination and artificial seismic work The next 
choice is the vicinity of the \zores either to the east or west 
In this region there arc good bases for opeiations and it is 
possible to locate accurately all earthquakes \lso the depths 
arc suitable for explosion work Study of the area to the 
east might bring out important relations between the Mid- 
Atlantic and Mediterranean earthquake belts The third 
choice is an area in the vu mity of Faraday Hills but this has 
as its only advantage nearness to Europe 

The location of earthquakes along the Ridge is important 
and docs not have to await a special expedition. The 
requirements, suitable sites and means of continuous operation 
are hard to meet on oceanic islands The situation in the 
northern part of the Ridge is going to be greatly improved by 
the project announced by Dr Anghostino at the Edinburgh 
meeting in 1936 of the International Seismological Associa¬ 
tion This is the installation of three sets of Bosch-Omon 
seismographs at three sites m the Azores, respectively m 
extreme west, middle and extreme east which will serve well 
for the location of all the stronger earthquakes Previous 
efforts to locate the earthquakes from stations on the Ridge 
itself were not very successful because the instruments in- 
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stalled at Punta Delgada in the Azores, Ascension Island and 
St. Helena were of the Milne type, now considered obsolete. 
All published reports of earthquake epicenters have made no 
use of these stations. A recent station of great value in the 
northern part of the Ridge is that at Godhavn in Greenland. 

The difficulties in the way of improving the situation 
along the Ridge in general are so great that the only recom¬ 
mendation ventured is for a seismograph at Bermuda which, 
though at a considerable distance from the Ridge, is well 
located geographically with regard to it, and which with a 
suitable instrument would add greatly to the accuracy of 
location. It fits in well with existing stations in Puerto 
Rico and Martinique Some attempts are being made to 
develop a portable seismograph and future expeditions might 
instal these in their region of operations, during their stay. 

There is still much to be learned about the exact relation 
of deep ocean troughs and the associated mountain structure 
whether continental or island arcs. Among other thingB it is 
important to have more exact contours of the boundaries of 
the troughs and this would make it possible to associate the 
earthquake epicenters with the movements which produce 
them It would be very desirable to trace by means of 
explosions the basement rock from the shores out to the edge 
of the deep With complete information many interesting 
relations develop as has been shown for the troughs in the 
East Indies and east of Japan. For some of the deeps there 
is apparently a rather uniform slope between the deep and 
the shores which does not seem to indicate typical mountain 
structure. 

There are several deeps which might be studied. The 
most convenient to the United States are the Aleutian and 
the Naros, the latter following the Antilles on the Atlantic 
side from Santo Domingo almost to Trinidad. The Aleutian 
Deep, though better known than formerly would need much 
additional survey, the two seismic stations of the region at 
Fairbanks and at Sitka while well placed are rather far away 
and the region is subject to fogs and dangerous currents. 
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Accordingly the Nares Deep could well be chosen. While 
its present earthquake activity is small it might be found 
much greater with instruments for recording near earthquakes. 
Additional stations could be readily established Numerous 
soundings and gravity observations have already been ob¬ 
tained The Bartlett Deep might also be selected 

Hess has called attention to the need for knowing the 
thickness of the layers beneath a Deep. Earthquakes rarely 



- 10 


?10 



Fio fi Transition Europe to Atlantic Ocean After Gutenberg 


occur m such positions as to give the desired information 
It has been suggested that either by the use of two vessels or 
by the further development of the sono-radio buoy of the 
Coast and Geodetic Survey with a single vessel the problem 
might be worked out. A portion of the Nares Deep near its 
end near Trinidad might be used and waves might be sent 
through the earth with a moderate amount of explosive from, 
one side to the other. 

3. The method of transition of the various layers of dis¬ 
continuity both shallow and deep from the continent to the 
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Atlantic should be further studied through earthquake and 
explosion. Gutenberg has inferred the manner of change 
from 50 kilometers to 20 as gradual west of Portugal, but other 
determinations should be made. This method of gradual 
transition is found also in the case of the basement rock by 
Ewing off the east coast of the United States (Figs 3, 5). 

4. In the Pacific Ocean there is evidence that the transition 
from a layer of perhaps 50 kilometers to zero is abrupt. This 
would indicate some kind of vertical discontinuity of con¬ 
siderable depth and this is exactly what Gutenberg has 
found. The transition of the basement rock from land to 
sea as determined by explosions is also of great interest 

In either case the line of attack is through a judicious 
combination of earthquake and explosion methods so that 
both the basement rock and the deeper layers are studied. 
Gutenberg has paved the way for the latter and Ewing for 
the former. Accordingly it would be well to make the 
studies for the Atlantic Ocean off the east coast of the United 
States and for the Pacific off the southern California coast 
where the available earthquake information is now very 
complete. 
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TERRESTRIAL MAGNETISM AND OCEANIC STRUCTURE 

J A FLEMING 

Directoi, Department of Terrestrial Magnetism 
Carnegie Institution of Washington 

That irregularities of the distribution of the Earth's 
magnetic field over continental areas may bear definite 
relation to geologic features of the Earth’s crust has been 
recognized for a long time It is only m comparatively 
recent years that such magnetic data have been intensively 
considered as an aid m the determination of the character of 
geologic substructure From accumulated observations it is 
possible to account for a considerable part of the Earth’s 
field on the basis of a uniformly magnetized sphere The 
difference between such a uniform or normal magnetization 
and that actually existing serves to bring out the general 
irregularities as a residual field (Fig 1). Figures 2 and 3 
present this feature in different ways The Earth’s outer 
erust or shell, perhaps 25 or more miles thick, is not homo¬ 
geneous and therefore is not uniform in its magnetic behavior. 
Thus there are many regions of local magnetic disturbance, 
such as are caused by magnetic ore-deposits, some so great 
as to give rise to local poles and other irregularities of intensity 
twofold or even threefold the normal value in such regions 
The anomalies at Kursk, Russia (Fig 4), at Berggiesshiibel, 
Germany, and in New South Wales are a few striking examples 
of such magnetic irregularities or anomalies The great 
anomaly in South Africa (Fig 5) apparently retained for over 
100 million years by the huge Pilansberg system of Paleozoic 
volcanic dykes has been recently examined by H Gelletich 
Fourteen vertical dykes, of horizontal widths between 65 and * 
350 feet and horizontal extent up to 100 miles, are found to 
be strongly magnetized m a direction opposite to the present- 
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Fra. 1 The Earth’s field after deducting uniform magnetization, epsch 18S5 (after Baoer) [The curved hues are the lines of equi- 

iwl force* The a rro w s give the direction and relative intensity of the horizontal component of the residual magnetic force Over the region 
IJf,, Kt, the north end of the magnet is attracted, while over the regions of the poles, S/, Si", Ss, and S fc the south end is attracted 

«m 1 Intensities (large figures) are given m units of the second decimal, CGS 1 
















Fig 2 Differences, observed minus oceentric-dipole held, or regional anomalies 
for horizontal vectors 
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Fra 3 The main Alpine trends and magnetic trends of the Earth (after R Staub and Jenny). 
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day magnetic held of the Earth In this general region of 
South Africa the magnetic horizontal component of the 
Earth's held has decreased 16 per cent of its present value m 
a 30-year period* 

The anomalous magnetic features thus observed over 
continental areas must have their counterparts m the great 
oceanic basins We therefore may look confidently to such 
features as an aid m the study of oceanic structure Indeed, 




Fio 4 The Kuruk magnetic anomaly 
(after Losareff) 


observations made on isolated islands and island groups 
a inos invariably indicate abnormal magnetic conditions, and 
lhemy ell< survey of the oceans by the Carnegie Institution 
of Washington since 1905 (Fig 6) has revealed such conditions 

At S6A 

However, the application of magnetic-survey results to 

!t»LT gatl0 L n 0f crustal features of the ocean bottom 
depends upon the existence of a difference in substructure! 
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physical properties as well as upon the magnitude of this 
difference Here enters the magnetic susceptibility of rocks, 
some of which arc strongly magnetic, as iron-ores and igneous 
and metamorphic rocks, and some weakly magnetic, as most 


MAGNETIC PROFILES 



Fig 5 Magnetic anomaly of Pi bumbo rg Dyke System, southern Transvaal, 
showing anomaly of vertical intensity expressed in gammas (after Gelletich) 

sedimentary rocks Here, then, one must think of the 
observed magnetic anomalies as a kind of general reconnais¬ 
sance method to indicate areas for other more intensive 
geophysical studies. However, the magnetic method of 
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approach lacks depth-control, and therefore the size of geologic 
features must increase in proportion to depth if we are to 
detect such features Thus, unless the magnetic anomaly 
observed at sea is over shallow water or if over deep water is 
of enormous proportions, there may not be great hope of 
immediately deriving very exact information regarding par¬ 
ticular areas of bottom substructure from distribution data 
as shown only by isomagnetic maps 

The Earth’s magnetic field is subject to changes with 
time, that is, secular variation-a phenomenon, adequate 
data for and investigation of which afford a field of large 
potential value in the study of the Earth’s crust Herein is 
the great need of continuance of the accurate magnetic survey 
of the oceans that we may determine the character of such 
changes with epoch and their accelerations at various places. 

Ever since the discovery of the change in the Earth’s 
magnetic field through the centuries, investigators have 
noted the apparent asymmetry and regularity of secular 
variation when attention is confined to a single station or to 
a small part of the Earth’s surface such as western Europe— 
only one-hundredth of the Earth’s surface. Considering, 
however, the actual observational data when the whole 
Earth is taken into account, secular vanation is not so simple 
a phenomenon that it may be explained by periodic move¬ 
ments of the Earth’s magnetic poles and the like, but is a 
regional phenomenon connected with a large geological struc¬ 
ture—oceans and continents—of the deeper layers of the 
Earth’s crust 

Secular-variation data arc determined from isomagnetic 
charts for various epochs (Fig. 7). Changes in compass- 
direction due to secular variation are shown m Figure 8. In 
succeeding epochs, shifts of the isomagnetics occur. Lines 
or oontours joining points of equal change are called 
lsopors. The foci of rapid isoporie changes (Fig 9) raise 
questions of broad geophysical significance lsopors m verti¬ 
cal intensity are shown by Figure 10 A large part of these 
changes may have origin in influences impressed by forces 




Fig 7 World isomagnetic chart showing lines of equal magnetic decimation, epoch 1935 






Fio 8 Compass-direction at 1540, 1600, 1700, 1800, 1900, for various stations 
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Kia 9 Distribution of foci of rapid annual change of tho magnetic decimation, inclination, and 
horizontal intensity approximate epooh 1920-1025 (after Fisk) 



Fio 10 ItMijwrt total (secular change in vertical intensity, 1885-1922 [laopor-interval 0 005 CGS 
unit, increase of downward magnetic force considered positive] 
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ceaselessly at work deep withm the Earth. The rise and fall 
of the rate of secular change and the slow expansion and then 
the gradual retraction of the areas within which there have 
been excessive alterations in the magnetic elements are 



Fig 11 Change in position of h omcntal-intcnsity isopors, 1900-1918 
[dashed lines for epoch 1906! solid lines for epoch 1918] 


significant of such changes (Fig 11) The distribution of, 
isoponc foci is noteworthy. They are practically all in the 
hemisphere containing the great land-masses with the inter¬ 
vening Atlantic Ocean Such foci as are found in tho Pacific 
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Ocean are of hut moderate intensity and not well defined. 
These relations to the surface structure of the Earth can be 
scarcely accidental, it is natuial to suspect that there is a 
causal relation between crustal or subcrustal movements and 
conditions and these magnetic manifestations. 

As an example, attention may be called to the apparent 
diminution of the intensity of the Earth’s magnetic field 
which is marked over oceanic areas, especially in the Southern 
Hemisphere The interpretation of such data doubtless will 
be important in geophysical and geological research to advance 
understanding and interpretation of Earth phenomena 
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Fig 12 Longitudinal distribution of proportion of annual change [A H(H] of horizontal intensity 

(after Fisk) 


For example, from observed earthquake-wave velocities 
and reflections for different regions and depths, Gutenberg 
estimates that the crustal layer, which under most of the conti¬ 
nental and water-covered continental structures is about 25 
miles thick, is either lacking or quite thin under the Pacific 
Ocean including possibly the arctic region. Under the 
Atlantic and Indian oceans this layer is of appreciable depth. 
Thus under the Pacific Ocean the basic surface of the Earth’s 
mantle is practically exposed There then we may expect 
different geological and geographical properties from those 
found elsewhere Thus the observed longitudinal distribution 
of magnetic secular-variation (Fig 12) agrees with that of 
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land-areas (after Fisk, based upon data from 75° north to 
65° south *) —as witness the moderate rates of annual change 
over the Pacific as compared with those over the Atlantic 
and adjoining continental areas \ definite control is neces¬ 
sary for a number of epochs to facilitate the investigation of 
causes producing and governing these progressive changes 
which, it appears, would be fa\ored by accurate knowledge 
of their accelerations and distribution The importance of 



the determination of secular-variation over the oceans may 
be readily seen by a study of Figure 13 

Further data bearing on correlation thus indicated between 
the surface-distribution of the secular-change activity promise 
conclusions concerning secular-variation processes localized 
in the crustal layer and only where this layer is present. 

* In this graph showing distribution of annual change (AHjH) of magneto 
horizontal intensity the lower curve represents the average positive values of 
AU/H in eaeh lune between the meridians, while the upper curve represents the 
numerical magnitude of the average negative values Thus the shaded areas 
between the curves are measures of the excess of the negative over the positive 
annual change 
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Thus continued secular-variation surveys at sea should bring 
together seismic and magnetic methods of approach to crustal 
adjustments and possibly gravimetric work 

There is an interesting possibility by which secular- 
variation information may be extended to times more remote 
than those for which observations exist. When lava cools 
and freezes following a volcanic outburst, it takes up a 
permanent magnetization dependent upon the orientation of 
the Earth’s magnetic field at the time This, because of 
small capacity for magnetization m the Earth’s magnetic 
field after freezing, may remam practically constant. If this 
assumption be correct, the direction of the originally acquired 
permanent magnetization can be determined by laboratory 
tests provided every detail of the orientation of the mass 
tested is carefully noted and marked when it is removed. 

Just as lavas cooling through the Curie-point m the 
presence of a magnetic field become magnetized m the direc¬ 
tion of the field, so sediments containing microscopic magnetic 
particles also assume the direction of the prevailing magnetic 
held This is m its truest sense “fossil” magnetization for 
the magnetic field of the epoch of deposition is embedded in 
the sediment as surely as the organic remains of that epoch 
Whother this fossil magnetism remains as a connate property 
of the rock or whether it is destroyed by subsequent events 
even as organic fossils are sometimes destroyed, depends upon 
the postnatal experience of the sediment. In so far as it 
remains, it may supply a valuable record of the Earth’s 
magnetism and an important clue to the history of the rock 
One of the projects outlined m the original program of the 
Department of Terrestrial Magnetism of the Carnegie Insti¬ 
tution of Washington was the measurement of the Earth’s 
magnetism at great depths in the sea This project may now 
be consummated by magnetic examination of the core¬ 
samples taken with Dr Piggot’s apparatus described in an 
earlier paper. In order that the fossil magnetization of the 
specimens may not be disturbed, a method of measurement 
has been developed at the Department permitting testa of 
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high sensitivity and accuracy without submitting the speci¬ 
mens to artificial magnetic fields. The cores are cut into 
one and one-half centimeter cubes, these are rotated m a coil 
containing many turns of wire (Fig. 14). The voltage 
generated in the coil is introduced into a tuned amplifier, 



Fio 14 Apparatus used for testing “fossil” magnetisation 

and the alternating-current output of the amplifier is com-, 
muted and measured by a sensitive galvanometer. This 
equipment permits detection of the magnetic moment of a 
good steel magnet one millimeter long and one-hundredth of 
a millimeter in diameter. Through further refinements it is 
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expected the sensitivity of this method can be increased 
manyfold. 

Tests just conducted on one core show distinct differences 
in the direction of magnetization at various depths Decision 
as to whether or not these differences are the result of differ¬ 
ences in the Earth’s field at the time the sediments were 
deposited must await further study If such is found to be 
the case, we have m the core-samples a means to extend the 
past history of the Earth’s magnetism Through inter¬ 
relating individual cores by similarities m their magnetism, 
it may be possible ultimately to magnetically date the rocks. 



Fia 1 r > Anomalies of vertical component [0 001 CGS] and principal deep-focus regions 

(after Visaer) 


This, too, would determine more accurately than surface 
observations the extent and character of the regional magnetic 
anomalies of the ocean bottom 

With improved knowledge of magnetic anomalies the 
question of interrelations with gravimetric anomalies and 
deep-focus earthquakes may be answered It frequently is 
noted that gravimetric and magnetic anomalies occur m the 
same regions. Visser has recently noted an apparent relation 
that areas of deep-focus eathquakes are confined to the great 
regions of positive anomalies of magnetic vertical intensity 
around the Pacific Ocean (Fig. 15) Vemng Meinesz has 






TERRESTRIAL MAGNETISM AND OCEANIC STRUCTURE 125 

found an excess of gravity in the oceans and a sudden decrease 
at the continental borders, and has demonstrated these 
deviations of isostasy cannot be situated m the Earth’s thin 
crust but must extend far into the plastic layers below 
There must result current-systems m the Earth’s interior, 
downward below the oceans and upward below the continents 
The chart of isoporic foci and their motions with time certainly 
lend strength to the idea indicating the inteiior of the Earth 
more mobile than the external layers, not only as a whole 
but regionally Visser queries whether such interior currents 
may not convey material with special magnetic properties 
from the depth accounting for positive disturbances at the 
crust May not then the anomalies of gravity and of ter¬ 
restrial magnetism and the deep earthquakes have a common 
origin in current-systems in the inner Eai th? 

In conclusion, the facts of the geophysical observer of 
terrestrial magnetism in the field and m the laboratory may 
contribute much in the formulation of a complete picture of 
the Earth’s crust and particularly of that great portion which 
is the ocean bottom 
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National Research Council, in the Chair 

William Bowie, Chairman, Projects Committee, American Geodetic and Geo¬ 
physical Union 
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W T Thom, Jr , Chairman, Committee on the Geophysical and Geological Study 
of the Continents, American Geodetic and Geophysical Union 
T W Vaughan, Director (retired) Scnpps Institution of Oceanography 

Alfred C. Lane, Chairman Members of The American 
Philosophical Society and Guests It has been suggested that 
we stand m memory of Admiral Patton * (All rise and stand 
for a moment) 

Mr Field May I say a word in connection with Professor 
Vaughan’s book, “International Aspects of Oceanography,” 
just published by the National Academy of Sciences, Wash¬ 
ington, D C, which appears to be a very comprehensive 
work, and which I believe some of us have not had the 
opportunity of going over as yet? It will soon be available, 
and I think that it ought to be called to the attention of this 
conference 

Mr. Vaughan: I hoped my book would be distributed 
before this meeting. There are articles in it which deal with' 
various topics presented here—a chapter by Vening Memesz, 

* Director Coast and Geodetic Survey, d Nov 26,1237 
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a chapter by Gutenberg, by Heck, and bo on, and it tics in 
exactly with the discussion here 

Mb Hobbs Mr. Chairman, I have been thinking a good 
deal of what Mr Hess brought out, and later Mr. Heck, in 
connection with the island arcs—especially those off the 
Pacific ('oast—and this had to do with the position of the 
great deeps, with the position of gravity anomaheB, and their 
negative character particularly, but more especially of the 
great abnormality of gravity along these interesting arcs, and 
there was also something said about the presence of ultra-basic 
rocks under these same regions It was said, I think by 
Mr Hess, that the ultra-basic rocks m connection with these 
arcs belong to the first stage of the deformation My own 
study of these arcs ih exactly of the opposite character, 
namely, that the first effusions in connection with the forma¬ 
tion of these arcs where the volcanoes appear on the inner or 
back side of the arc, are universally acidic or of moderate 
acid character, and that basaltic effusions are always further 
back toward the interior and belong to a later deformation, 
and I have produced a map covering a good part of the earth 
which shows this 

I have also tuken up in my book, that is not at all well 
known, and may not have been in the minds of the speakers, 
the position of the deep in relation to the arcs In the case 
of arcs of large radius and curvature, the great deeps uni¬ 
formly appear on the convex side of the arc, whereas as I 
stated, a good many years ago, m the cases of many of the 
arcs with small radius of curvature, the deep is on the inside 
of the radius of the arc, contrary to the general rule which 
applies to the arc of large radius. I thought the statement 
of the other speaker was in contravention of that position 

Mb Hess I tried to say if there were two or three defor¬ 
mations in the region, the ultra-basic rocks belonged to the 
first I had no idea of correlating other intrusions with the 
tectonic action West Indian deformations took place about 
the beginning of Upper Eocene and again in Miocene-Phocene 
time The ultra-basics go with the first deformation, but 
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not with the second The ultra-basics are serpentimzed 
pendotites 

Mb Russell Mi Chairman, I hesitate to talk on some 
of these things, but the question of where the ocean water 
went when submarine canyons were formed interests me 
According to the Hess-McClintock hypothesis the zone at 
which the ocean level did not change relative to the earth’s 
surface was at approximately thirty-five degrees latitude — 

I don’t know the minutes and seconds, because it depends 
on how large an area was land and how much was water within 
the torrid zone—but it has to be extensive land to change 
things much How did the water get out of the ocean? It 
has occurred to me that it might be by the locking up of 
the water m the Arctic regions in the form of ice Grant 
that precipitation is very low over the Arctic basin, and 
suppose that great glaciation occurs m several regions—say, 
to put it crudely, in almost a nng around the Aictic Circle— 
suppose there were huge masses of ice piling up there, wouldn’t 
it flow northward as well as southward, and would not the 
glacier gradually fill up the Polar Basm, if there were time 
enough and ice enough, even if there was no heavy precipi¬ 
tation in the Central Polar Basm? Wouldn’t that permit 
filling up the Arctic Basin chock-a-block to the bottom? 

Mr Hobbs Mr Chairman, I do not think it is true that 
precipitation in the Polar Region is very low I thmk it is 
quite the contrary, especially for the Antarctic Region 
Consider the amount of moisture which goes away m the 
form of icebergs, and the amount of snow which is driven 
off m blizzards m the Antarctic Continent goes up into 
astronomic figures practically I am not classing both Polar 
regions together One is a very high plateau—a great dome 
of ice— and enormous masses of moisture go away m the 
form of snow and icebergs, some of which are ninety mileB 
long Greenland, of course, in the Arctic, is of similar ' 
character, but not so extensive 

Mr. Dickerson Years ago in the Philippines we investi¬ 
gated the ocean bottom and had the rare opportunity of mak- 
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ing an investigation not only of the topography of the entire 
island deeps, but of the topography of the surface as well. 

There is one test of the ice cap theory that has not been 
applied—the biologic test Incidental to these studies, we 
had at that time m Manila a botanist and a zoblogist of 
eminence who had been there the space of twenty to twenty- 
five years, so from their data we were enabled to divide the 
Philippines into sub-provinces both faunally and florally 

The central islands of Panay, Masbate, and Negros are 
separated by water only about two hundred feet in depth 
That constitutes a faunal and floral province. That is just 
about the requisite depth for land connections during inter¬ 
glacial times. The other provinces of the Philippines were 
exceedingly distinct from the central provinces of Panay, 
Masbate and Negros. 

Another line of attack can be applied to the hypothesis 
of these vast withdrawals of sea water. Mediterranean 
oceans or mediterranean seas, properly speaking, occur not 
only in the type Mediterranean, but in the Philippines as well. 
These mediterranean seas would be vastly altered by a 
lowering of sea level by two thousand feet. Take the Medi¬ 
terranean for example; if two thousand feet of water are 
withdrawn, the entrance of sea water into the Mediterranean 
would be stopped at once because at Gibraltar there is a 
depth of only three hundred twenty meters. There is an 
example of what would happen in the Black Sea which is 
separated from the Mediterranean Sea by a depth in the 
Dardanelles of fifty to seventy meters—just about Daly’s 
estimate of the withdrawal of sea water m the glacial period. 

By means of certain island floral and faunal provinces 
and by study of mediterranean seas it is possible to get a 
check upon the possibility of withdrawals of sea water of 
two and three thousand feet during the Pleistocene, I may 
say, in passing, the answer is quite firmly that this is not 
possible when viewed from these biologic viewpoints. 

Mb. Longwell A suggestion made to the Geological 
Society recently seems to have considerable mer it. It had 
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to do with the Atlantic ridge. If we can study some parts 
of that ndge—fairly shallow parts well removed from any 
islands—by means of the some depth finder and these other 
modem tools, and find there some submarine canyons, heading 
east and west, that would have a very strong bearing on this 
question of lowering the sea level. You could not very well 
call on Daly’s density currents to explain such canyons in 
that position, but if the sea has been lowered several thousand 
feet it is very conceivable that such canyons have been cut 
Of course, their absence might not mean anything one way 
or the other, but their presence would be very suggestive. 

Mr Field 1 might say, m reply to Mr Longwell, that 
certain British geophysicists and geologists are interested m 
such an expedition, and that plans are being discussed with 
the British Navy for such an exploration of the Atlantic 
Ridge 

The Chairman . Mr Dickerson is an oil geologist and oil 
geologists have done a lot of work in gravimetry and seis¬ 
mology Does he have anything to say? 

Mr Dickerson Mr Chairman, I merely want to ask 
concerning the possibility of using Dr. Fleming’s device for 
direct measuring of cores from land holes Could you get 
any variation in magnetic effect between the bottom of a 
six-thousand-foot hole and a core taken up about a thousand 
feet? In other words, is there any difference m the magnetic 
effect in the core in the Pliocene compared to a core in the 
Upper Cretaceous 9 

Mr Fleming. Nothing has been done m that line yet, 
but I think we would very much like to do it 

Mr. Eckhardt* I have been engaged in geophysical work 
in the oil industry and I am impressed this afternoon with 
the differences in viewpoint It is very much like this. 
It seems to me that this broad viewpoint of geophysics which 
we have been hearing about this afternoon is like being in a 
region where the trees are so far apart you cannot see any 
two at the same time, whereas m the case of applied geo¬ 
physics, you are in the middle of a little spot where there are 
so many trees you cannot see out. 
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I think this symposium has been extremely valuable It 
typifies an effort to get at some real data instead of the vast 
amount of speculation which has been indulged m in the past, 
and I believe that it should be encouraged I think the 
Philosophical Society is to be congratulated in having fostered 
an opportunity of this kind 

Mr Heck I would like to call attention to something 
Mr Hess said about gravity anomalies On the south side 
of the Caribbean is the only place I know where these marked 
anomalies do not parallel, at least approximately, earthquake 
belts The earthquake belt extends from Trinidad southwest 
toward Southern Colombia, following the main Andes but 
the anomalies follow along the edge of the Caribbean 

Mr Vaughan Mr Heck has shown you these charts 
A few years ago the International Hydrographic Bureau, 
although it had the facilities for publishing the charts, did 
not have the money for hiring draftsmen The Philosophical 
Society made a very substantial contribution to pay a drafts¬ 
man for putting together these charts 

Mr Thom In discussions of the cutting of the suboceamc 
canyons and river valleys, disclosed by recent geodetic- 
geophysical surveys, it has been variously suggested that this 
cutting was made possible by the temporary lowering of sea 
level of as much as 12,000 feet By some this lowering has 
been pictured as having occurred in certain latitudes only, 
whereas otheis have postulated that it was similarly effective 
over all oceanic areas 

Having had occasion to work m high-plateau areas, and 
having noted various features characteristic of such plateaus, 
1 should like to ask any meteorologists present whether a 
regional lowering of sea level by ten or twelve thousand feet 
would not have caused profound climatic changes in the 
continental regions—changes so profound as to have left 
enduring and unmistakable evidence of their occurrence, both 
in the life-records and physical features of the land areas? 

It seems to me that the assumption of any general lowering 
of such an extent can, for several reasons, be regarded as one 



ROUND TABLE DISCUSSION 


133 


of very doubtful probability—even though the fart that sea 
level has fallen relatively, and at least locally, seems amply 
demonstrated by the submarine erosional features now known 
to exist By what process the cutting of the suboceamc 
canyons was made possible we can guess,—but without 
additional limiting facts we shall perforce continue to guess, 
without appreciable scientific advance or advantage 

Mb Chairman Suppose the sea level should drop twelve 
thousand feet—what would be the effect on the climate of 
North Ameiica? 

Mb Humphbeys It would be such as it. now is on the 
very highest plateaus of Asia, more or less and because of the 
fact that precipitation would occur chiefly at much lower 
levels Not much water vapor could get up to that great 
height, but from it there would gradually accumulate, I fancy, 
a great deal of snow and ice I think the Antarctic and 
Greenland answer the question 

Mb Thom Mr Chairman, as a structural geologist, I 
have been especially interested in this afternoon’s symposium 
because of its demonstration that ways are now open for 
notable advances in my field of scientific interest Students 
of structural geology have long been accumulating factual 
data bearing upon the three-dimensional form, space-pattern, 
and time relationships of the deformations! crustal features 
of the continental areas—and great advances have been made 
m these studies—but each time workers m the structural field 
have sought to make an analysis of facts in hand such as 
should disclose the causes and modus operandi of crustal 
deformation, they have arrived at several conflicting and 
more or less equally plausible hypotheses, and have found 
that the needed decisive evidence was beyond reach—because 
it must be sought in the then-inaccessible suboceanic regions 
Consequently, I feel that great importance attaches to the 
demonstration that the combined use of geological and 
geophysical-geodetic methods now makes it possible to carry 1 
continuous exploratory traverses from the continental high¬ 
lands to the oceans’ depths—thereby revealing, among other 
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things, the morphology of the sea floor, the true nature of 
continental margins, the presence or absence of “continental 
type” rocks m sub-oceanic areas, the form and extent of 
past and present geosynchnes, and the possible existence of 
submerged portions of mountain systems—as, for i ns ta n ce, 
in the North Atlantic between the Appalachians and their 
apparent continuations in northwestern Europe 

I have no doubt that workers in many other fields are 
similarly elated that the developing geophysical exploratory 
techniques are opening such extensive and important new 
areas of investigation And I feel confident that we shall, 
within a few years, make great progress in substituting fact 
for theory in many important scientific directions In order 
to obtain the great amount of new data needed, a compre¬ 
hensive program of cooperative work will obviously be called 
for—especially since the problems involved transcend the 
capacities of the agencies of any one country. However, 
that the necessary facilities can be obtained, seems reasonably 
certain, both because of the broad general interest of the 
problems under attack, and also because of their major 
scientific importance. 

The Chairman I would like to ask questions of Dr. Figgot. 
These ten-foot cores would represent sediments of about two 
hundred and fifty thousand years.—It seems to me Dr. 
Schlundt, out m the Yellowstone Park, had a pretty good 
measure of age by the decay of radio-activity Do you 
suppose you could apply that method to these ten-foot cores? 

Mr Piguot We were hoping we could. It is a difficult 
job because we cannot get as much radium as we would like 
out of the cores There would be a chance to go through 
greater time intervals on top of the mid-Atlantic tidge. 
There may be other places where stratification has been so 
slow that cores would give you a longer record I was aide 
to make only one shot on the ridge, but if I had been able to 
control the ship at that place—or control the authorities on 
the ship I would have stayed there till I got a ten-foot core 
at that spot by sending down more energy, I don’t know 
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whether this material would give you the information you 
want, but it would represent a much longer period If you 
lengthen the bit to fifteen feet and cut through more sediments 
ten or a hundred times slower m forming, which we hope to 
do,' it would increase that age stretch considerably 

Mr. Field. I would like to ask Dr Piggot whether he 
thinks it is going to be possible to get down to great depths, 
and what will be the ultimate limit of length of cores that 
he will be able to get in oceanic depths? 

Mb. Piggot We started with a five-foot core, moved to 
six, then ten, now we are tiymg to build apparatus that will 
get a fifteen-foot one We are building a winch with 5400 
fathoms of line on it, using tapered cable 

Mr Heck I would like to mention a subject of which 
nothing has been said, namely, the very marked achievement 
of carrying explosion methods into these great depths As 
far as I know, neither explosive technicians nor military 
authorities attempted this before this work Mr. Piggot has 
gone to depths of 2500 fathoms, and has planned to go to 
4000 or 5000 What is the pressure at that depth? 

Mr Piggot- Five thousand fathoms—that is fifteen 
thousand pounds per square inch. Our greatest depth to 
date has been just a little under 3000 fathoms 

Mr Heck I think we ought to recognize that this 
achievement is partly due to activities of the Naval service 
and such organizations as duPont’s, and I understand their 
officials have been very cooperative m helping work out 
these problems. 

Mr. Piggot I would like to add to that remark that I do 
not think my apparatus would have gotten anywhere at all 
if it had not been for the aid of Dr. Mackey, of the Burnside 
Laboratory of the duPont Company—their powder research 
laboratory—and Dr Dew and Mr. Lloyd, who have worked 
on that They were very enthusiastic in their cooperation 
and made absolutely fundamental suggestions 

Mr. Ewing : I would like to add to Mr Piggot's remarks 
about the cooperation from the duPont people. When we 
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started out to make seismic measurements in 2600 fathoms 
during the past summer, I had not had any experience 
trying to fire high-explosive in such deep water We had 
pressures in our work of about eight thousand pounds per 
square inch and our problem was very different from Dr. 
Piggot’s He wanted one kind of explosion—a sort of push, 
we wanted an explosion to disintegrate gun, apparatus and 
all, within as large a radius as possible, and frankly I doubt 
if I would have had one bomb go off, up-to-date, if I had not 
got some very excellent help from this same organization 

Mr Smith Mr Dickerson’s and Mr. Thom’s remarks 
suggested that so far as is known we have not definitely found 
the seaward extremity of any of these canyons in any surveys 
the Coast and Geodetic Survey has made We have traced 
some of them on the Atlantic coast to about 1650 fathoms 
depth, about 150 miles offshore They are still evident, 
although the gradients decrease, and in one case on the 
Pat lfu coast, off Point Sur m California, there ib pretty good 
evidence that what looks like the extension of the Upper 
Big Sur River on land continues under the sea for about 125 
miles winding about a submarine mountain which stands 
7000 feet from the floor of the ocean in depths of 2000 fathoms 
(12000 feet) That even stretches the limit of this postulated 
lowering of the sea beyond the wildest dream, if these sub- 
manne valleys are to be accounted for m that manner. 

There is something else that Mr. Dickerson might be glad 
to know, and that is that the Cagayan River on the north 
coast of Luzon is one of the few that carries its submerged 
channel directly through the continental shelf The Congo 
is another A few others have been found to have their 
submarine channels running through the coastal shelf. Most 
of them have been obliterated at the coastal shelf. This 
applies particularly to the regions we have surveyed accu¬ 
rately by modern methods 

The Chairman I would like to ask Mr. Longwell or 
Mr Smith of the U S Coast and Geodetic Survey whether 
some one had not asked the Project’s Committee of the 
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Geological Society of America for a grant to explore one of 
these canyons 

Mr. Smith I have been working with Dr Veatch in 
contouring the charts from recent surveys off the Atlantic 
coast, and there are so many things coming out of the work 
I hesitate to comment on them at the present time except to 
say that there are a whole lot of facts that are most inter¬ 
esting, but befoie commenting we would like to give them 
more study 

Mr Hobbs I wonder why it is necessary to give the 
discussion the peculiar turn it has taken’ Why do we 
assume when we find certain fissures—sub-serial fissures— 
beneath the sea, that there has been a lowering of the level 
of the sea, when it is so much easier to lift the bottom of the 
sea up, and it has been only the French who have taken this 
view to any extent’ Why do we have to assume withdrawal 
of the water from the ocean when the other is a much simpler 
assumption’ Nowadays we move continents—according to 
some authorities—as if they were ships at sea, yet we cannot 
accept the idea of vertical movement,s of the ocean bottom 
while the evidence is about us 

Mr Dickerson In reply to Mr Smith, I wish to call 
attention to one notable Pleistocene nvei which has received 
very great study upon the part of the Dutch The Molen- 
graaf River rose in Sumatra, and formerly flowed north 
between Borneo and the Malay Peninsula for a distance of 
1200 miles I do not want to introduce at this time a fish 
story, but it is quite necessary The fish fauna m this basin 
have been exceedingly well studied—the fresh water fish in 
particular. The fresh water fish fauna of South Sumatra, 
Borneo and Indo-China are essentially the same There are 
something like forty or fifty per cent of the species in common 
to those now widely separated regions. The Dutch not only 
studied it from this point of view, but they have shown that 
m the great now-drowned plain between the Malay Peninsula' ’ 
and Borneo, a distance of about four hundred miles, you can 
anchor a ship anywhere m two hundred feet or less of water. 
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Not only that, but the South Palembang peneplain in 
South Sumatra slopes northward into the Molengraaf River 
and all the streams of the South Palembang peneplain of 
Pliocene age turned northward. Part of the tin mines— 
placer tin—are in one of these streams. In the Island of 
Banka the tin gravels are m one of these old Pleistocene 
tributaries of Molengraaf River. We may trace northward 
this river by means of a fish tale! Dr. Herry, now at Stanford 
University, made a study in the Philippines, on the Island 
of Palawan, and found that the residual fish fauna was 
Bornean, so that the Molengraaf River emptied somewhere 
in the China Sea off Manila. 

Ma. Bowie Mr Chairman, this really has been a cheerful 
and helpful meeting. Some of us who have been working in 
the field of geophysics for many years have wondered at the 
slowness with which the geologists have employed mathe¬ 
matics, physics, chemistry and mechanics m attacks on some 
of their baffling problems 

It is very seldom that students in dynamics and structural 
geology agree The reason for this would seem to be that 
they have not used enough geophysical techmque to get the 
data that they should have in order to interpret what has 
really gone on in the earth, and what is likely to happen in 
the future Since the geophysicists and geologists have 
developed instruments, methods, and techniques, it seems to 
me the time has come to bring into the picture all agencies 
that are interested in the use of data secured to solve economic 
problems 

I should like to ask this question How are we going to 
do much m geodesy, geophysics, geology, and the interpreta¬ 
tion of the data that, may be collected, unless we have com¬ 
plete knowledge of the configuration of the earth’s surface? 
There are only a few areas where there are good topographic 
maps (mostly in Rurope), and those maps were made not for 
scientific or industrial purposes, but for war purposes. 

In the United States not over twenty-five per cent of 
our three million of square miles of area have topographical 
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maps that arc suitable for modern uses Forty-seven per 
cent of our area has topographic maps, but half of them are 
of the reconnaissance type, and are of little value to the 
scientist, the engineer, the geologist, or others. We are 
spending large sums yearly on all kinds of conservation 
projects in the absence of adequate maps. No doubt much 
of that money is wasted 

If many of the naval vessels of the world could be assigned 
to a survey of the oceans, it would only require a few years’ 
work to give us charts that would be invaluable m the attack 
on some of the problems that have been outlined here today. 
I think we ought to get some real facts on the topography of 
the ocean bottom and better maps of the land, then we 
would be able to make great advances m the fields of geology 
and geophysics. 

Mb Humphreys May I sow just one or two seeds here? 
I tried them on the Geophysical Umon but the soil was 
barren. I will try it here based on these promises that we 
are going to have help from the Navy and elsewhere. It is 
this: Why do we not know much more about the rate at 
which water that came on to the land in the form of ice and 
snow is now going off in the form of water? There certainly 
have been some changes in the amount of this ice m the past, 
we have had glaciation and deglaciation They tell us we 
are still in the latter part of the Ice Age—and that the glaciers 
are retreating and have been retreating for a long while; 
nobody agrees as to the length of time involved. 

What I want to know is what is happening now and 
what is going to happen a little later on I have got so I 
am not interested in the past any more, but what is happening 
ngbt now, and what will it lead to? 

I think there is a way—certainly there would be if the 
earth would quit squirming—to find out to what extent it is 
going one way or the other I am assuming now that the, 
earth is not wiggle-waggling, going up and down, heaving 
and puffing and so on, but staying put. The place it is 
most likely to stay put is in the tropical regions not so far 
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from the Equator On a number of islands, let us put down 
wells, connecting with the ocean with sufficient damping 
action so that the height of the water in the wells will not 
be affected by the tides, and equipped with suitable recording 
devices that will keep track of the level of that water year in 
and year out If the glaciers are now melting at the rate 
they apparently have been going during the last ten or twenty 
thousand years, the change in sea level would be m the 
neighborhood of one-twelfth of an inch a year, provided the 
earth is not wiggle-waggling I would like to see a number 
of such stations as these. 

Of what use, do you say? If deglaciation continues at 
this rate, in a few thousand years the United States will be 
a dust bowl, if climatic conditions remain what they have 
been Since storms necessarily follow in general around cold 
borders, when the ice came down over Europe to a considerable 
extent storms followed a more southerly course, the Mediter¬ 
ranean and North African regions were well watered As 
the ice retreated toward the north, so too did the storm track, 
and the regions abandoned by storms became dryer It 
would be much the same way here, as the ice would go further 
and further north the storms in general would be at higher 
and higher latitudes. 

This proposal of wells is a perfectly simple one They 
can be established on a number of suitable islands and by 
comparison with one another or by allowing each to keep its 
own record for ten, fifteen, or twenty-five years, we can ob¬ 
serve the relation of this retreat of the ice to the nse of ocean 
level This is based on the assumption that these islands are 
not going up and down 

Mr Bowie Of course, we have the tidal stations all over 
the world I do not see why we cannot depend upon these. 
Take hourly leadings year in and year out and the average 
cannot be more than a millimeter one way or the other from 
the actual mean sea level Of course, if there are storms 
they cause abnormal tides, but in general the average of the 
hourly heights is close to the true mean sea level for a station. 
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At any rate, I do not see why Mr Humphreys and Mr 
Whitney should not get together on that in Washington and 
report here next year 

Mr Humphreys We have tried that and found it is 
difficult The point is to have such damping that there is 
no response even to the lunar tides through the months, to 
have small tubes feeding into rather large basins which will 
not be appreciably affected in level by these tidal fluctuations, 
only by slow annual changes 

Mr. Bowie Mr Chairman, the Coast and Geodetic 
Survey found wells a hundred yards back from the sea near 
Atlantic City having tides in them corresponding very closely 
to the tides of the ocean, except that the range is not so great 

Mr Vaughan Also, you could not get nd of ground 
water effects 

Mr Heck In southeastern Alaska, there is a good deal 
of evidence of rise of coast line of three feet in twenty-five 
years, and it is still going on. 

Mr. Bowie The coast of southern Sweden is going up a 
foot or two a century According to Nansen and others, 
that is simply coming back aftei the release of load by the 
melting ice. 

Mr Humphreys Mr Chairman, it is these blessed 
seismologists—I don’t mean seismologists, but isostasists that 
confuse the problem I take it if the earth would quit 
squirming, going down at one place in response to load, the 
thing could be measured, but if the earth is going to behave 
according to the way the isostasists want it to behave, of 
course, calculations are all out 

Mr Bowie ‘ Mr Chairman, I want to tell you the isostatic 
and geodetic earth wants to stay still, but the meterorologists 
give us evaporation, erosion, sedimentation, unloading some 
areas and loading up others The equilibrium is disturbed, 
and then we poor geodesists have to get it back again, and 
then the meteorologists come and upset it again I do not 
know what we are going to do about it unless we eliminate 
the meteorologists. 
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Mr Russell Has anything been done yet to find out 
what the gravity anomalies are on the big deep opposite the 
west coast of South America along the Andes? 

Mr Bowie We haven’t done any work in that area, 
but really it would be most interesting. We have a few 
gravity stations over the deep to the west of Mexico, and I 
should like to make a comment about the gravity anomalies 
because some of you may get the idea the old earth is really 
m terrible shape on account of these little narrow belts of 
negative gravity anomalies. First, let me tell you that these 
anomalies are the outstanding unexplained differences between 
the theoretical and the observed values of gravity after 
applying all necessary corrections The anomaly is a measure 
of the extent to which the isostatic conditions that are 
postulated do not exist But these belts are very narrow— 
thirty or forty miles wide—or something of the sort—and 
usually alongside the negative anomalies there are positive 
ones. So the area as a whole—West Indies and East Indies 
as a whole—is practically m perfect isostatic equilibrium. 
How small a block would be mdependently in equilibrium I 
do not know It may be fifty, one, or two hundred miles 
square There is no such thing as these areas being ready to 
collapse, either popping up in the air thousands of feet or 
being depressed an equal amount. We have got some local 
phenomena m the regions of the East and West In dies, and 
Meinesz and Hess might be on the right track in postulating 
that weak material or material of low density is folded down 
to account for the great negative anomaly belt 

Mr. Field Mr. Chairman, I wonder if Mr. Ewing or 
Mr Hess would care to say anything about the advisability 
of gravity determinations on the Andes, south of Panama? 

Mb Hess The negative anomaly belt m the Caribbean 
apparently enters the north coast of Colombia; probably 
it once followed the Cordilleran Central. It may well 
emerge again in the ocean south of Peru, thus Hie vicinity of 
the great deep off South America, in this region, is worth 
investigating. 
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Mb. Field: Also, there is probably more sedimentation 
going on in the Peruvian coastal deep than m the East Indian 
and West Indian deeps 

The Chairman I wonder if the oil companies investi¬ 
gating the region around Lake Maracaibo could contribute 
to our knowledge on this subject. 

Mb Eckhardt There is a great deal of oil work in 
Venezuela, but it has not been extended across the mountains 
The eastern Venezuelan basin has been pretty well surveyed 
and those gravity data are available. 

The Chairman But your negative belt is not on the 
mountain range proper 7 

Mb. Hess It is at sea north of the mouth of Lake Mara¬ 
caibo It might be picked up further east—just west of 
Trinidad, in Venezuela, if gravity work were done there. 

Mr. Bowie ' I would like to pay tribute to Mr Eckhardt. 
His company has made gravity observations at probably five 
thousand or so stations in Louisiana, Texas, and other places, 
and he has furnished to the Coast and Geodetic Survey, data 
for some seventy or eighty of his stations I do not know 
whether they have been reduced yet They will be as soon 
as men are available for the work, then the data can be 
made public, and it will give us very closely spaced stations 
in that region—I think the stations were mostly in Texas 

Mr Ewing I hate to ask Mr Eckhardt for many more 
favors since I have asked him to get me out of jams in con¬ 
nection with apparatus we used last summer, but I would 
like to ask where these gravity data are available for northern 
South America. 

Mr. Eckhardt* We have them in our files. I do not 
mean they have been published, but it would be difficult to 
correlate our gravity figures with yours. We have an arbi¬ 
trary starting point down there, and as far as I know there 
are no gravity stations within the entire area that would tie 
in with your marine gravity data. If you can make that 
correlation or induce Dr. Meinesz to do it, I am sure we would 
be very glad to supply any data we have. 
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Mr Garner While on the subject of gravity observations 
1 thought the meeting might be interested in Dr. Lopes, of 
Venezuela, who requested the cooperation of the Coast and 
Geodetic Survey on the gravity observations down there this 
winter It is entirely out of the question to attempt it now 
and entirely too early to predict what can be done m the 
future, but an expedition is being planned for next winter 
The Chairman Are there any further remarks? If not, 
the discussion is closed 
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Abstract 

This paper begins with a general historical review of researches on oceanu 
circulation conducted since the introduction, in the early part of the nineteenth 
century, of Lt Maury's international cooperative plan of making and reporting 
ocean observations The treatment throughout is non mathematical and an 
attempt is made to furnish the reader who is not a specialist in the field with 
a comprehensive survey of progress already made and of problems to be solved 
Both theoretical methods of calculating ocean currents from observations of 
wind, temperature and salinity, and observational methods of determining 
ocean currents aro considered Special attention is given to errors made m 
earlior attempts to apply to the ocean thoones based upon laboratory export 
ments Revisions of these earlier methods and the rapid developments leading 
to the more satisfactory modem ones are briefly outlined 

Then, following an introductory classification of the various forces that 
generate and maintain oceanic circulation there are general outlines of various 
methods of applying the principles of physical hydrodynamics to problems of 
oceanic circulation There is also an elaboration of the theory of eddy viscosity 
and turbulence which processes account for rapid diffusion of momentum, heat 
and chemical properties Next a method is explained of calculating the cir 
eolation that would account for the departure of actual surface temperatures 
from their normal values 

The explanations mentioned above aro restricted to the fundamental part 
of the mathematical-physical treatment of oceanographic problems involving 
only the simplest conditions and essentia! methods The paper concludes with 
a supplementary discussion of revisions made necessary by a more detailed 
consideration of actual conditions such as nearness to eoostal boundaries and 
irregularities in depth 
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tional Research Council As a result of the efforts of a 
large committee of investigators appointed to carry out 
this undertaking, 9 volumes have been published. This 
paper is a brief general statement based upon the chapter 
on Modern Dynamical Oceanography written by McEwen 
for Physics of the Earth—V, Oceanography (Bulletin No. 
85). 

General Historical Review 

Lt Mathew Fontaine Maury of the U. S Navy initiated 
and developed an international cooperative arrangement 
for making observations at sea and reporting them on 
standard forms These records are sent to various central 
offices where compilations are made and charts are pre¬ 
pared to provide navigators with information in convenient 
form relative to winds, currents, and temperatures. 

Maury’s Physical Geography of the Sea, published in 
1855, was the first textbook or treatise on Physical Ocean¬ 
ography. It was a logical outgrowth of the international 
program of observations This pioneer undertaking was 
followed by great improvements in observational technique, 
yielding results of high precision, and by the evolution of 
methods of handling oceanographic observations from early 
qualitative, descriptive types into a more rigid and quanti¬ 
tative treatment of oceanic phenomena according to the 
laws of physics. Since the turning point of 1875, marked 
by James Croll’s critical book, Climate and Time, dynami¬ 
cal oceanography has progressed at an increasing rate, as 
indicated by the numerous important papers and the grow¬ 
ing list of investigators. All of this progress is intimately 
connected with the names of Helland-Hansen, V. Bjerknes 
and V. W Eckman, whose basic contributions to dynamical 
oceanography began to appear at the close of the 19th cen¬ 
tury, During the period since 1900, the great accumulation 
of observations and the development of more careful rea¬ 
soning and quantitative treatment of questions pertaining 
to the solid earth, its atmosphere, and its oceans, led to 
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greater specialization in the various fields of geophysics, 
including that of physical oceanography. 

Observations without the use of instruments can, in gen¬ 
eral, reveal but little information concerning ocean surface 
currents, and nothing about subsurface currents Direct 
observations of currents with the aid of floats or current 
meters require conditions rarely met with in the high seas. 
For observations even on surface currents we are dependent 
mainly upon indirect means, such mechanical ones for ex¬ 
ample as drift bottles set adrift at known positions and 
times and the departure of ships from their apparent 
courses. Current measurements are, in general, far from 
being as precise as observations of other physical phe¬ 
nomena of the ocean water The most accurate current 
measurements have been made in shallow inshore waters 
and, on rare occasions, in deeper waters from specially 
equipped ships at anchor. As evidence of progress in in¬ 
strumental equipment attention is called to a late type of 
currenl^moter designed to rest upon the sea bottom and 
to record the rate and direction over a period of days. 
Thus it is now possible to make an intensive current survoy 
of limited regions. 

However precise and complete oceanic observations may 
be, merely making and compiling them is but the first step 
in the investigation of the ocean. It is only by attempting 
to codrdmate and interpret objective knowledge that we can 
realize an adequate return from such efforts This de¬ 
mands the definite formulation and solution of certain spe¬ 
cial problems suggested by oceanic and other cosmieal data 
with a view to discovering causal relationships between the 
various phenomena and to showing their harmony with 
general principles already established by investigations in 
other fields. Thus by obtaining a series of definite and 
proved relations, each relation involving two or more types 
of physical and chemical magnitudes, and by synthesizing 
these elementary results, we approach the idoal of a system 
of general laws of the sea, based upon objective knowledge. 
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In this way we can describe the many diverse phenomena 
in terms of relatively few and simple fundamental ones. 
Moreover, attempts to formulate theories of oceanic circula¬ 
tion are no less necessary than observations, even as means 
of ascertaining the facts about such obscure and complex 
phenomena. 

Biologists, geographers, and geologists have carried on 
many investigations m physical oceanography, but only 
incidentally to work on the problems of special interest to 
them. Accordingly, qualitative and descriptive methods, 
formerly so characteristic of the sciences of biology, geog¬ 
raphy, and geology, have been widely used in oceanographic 
investigations. Such methods and the empirical treatment 
of quantitative field observations have been very suggestive, 
have stimulated interest, and have led to certain broad 
generalizations that are essentially correct, bnt an early 
tendency toward ralhor loose reasoning and lack of con¬ 
sideration of established quantitative principles of physics, 
resulted m certain erroneous conclusions. Even after both 
laboratory and mathematical physics were well advanced, 
inherent difficulties and the incompleteness of field data led 
the pioneer investigators to varied and conflicting con¬ 
clusions. 

Must we admit that our lack of control and the com¬ 
plexity of such geophysical phenomena render careful rea¬ 
soning and quantitative treatment impossible of attain¬ 
ment T Although such an achievement may at first appear 
unattainable let ns give the matter due consideration before 
expressing an opinion. Especially since Croll’s contention 
in 1875 of the necessity of quantitative reasoning in this 
field, a few scientists have undertaken, by means of a defi¬ 
nite formulation of specific problems, to apply mathematics 
to quantitative ocean data, and thus to contribute to a sys¬ 
tem of demonstrable principles applicable in general to all 
similar cases. Such work is essential m developing a sci¬ 
ence of the sea. Important advances have thus been made 
and serious errors in certain former conclusions have been 
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discovered, although in some of the earlier attempts at 
mathematical applications, significant errors arose from in¬ 
correct assumptions and the failure to appreciate character¬ 
istics peculiar to such “field” or natural problems At 
first, scientists accustomed to problems of laboratory phys¬ 
ics attempted to deduce physical laws of the sea fiom re¬ 
sults of laboratory studies and from certain preconceived 
assumption regarding oceanic conditions Furtheimore, 
they worked under the disadvantage of having very inade¬ 
quate data As more accurate and exhaustive data accu¬ 
mulated, greater attention was directed to interpreting and 
coordinating field observations than to imposing on the sea 
purely theoretical laws deduced from laboratory researches 

Prior to 1845, when Professor A. D Bachc, who was 
then director of the United States Coast Survey, formu¬ 
lated the first systematic plans for investigating currents 
w the Atlantic and used a vessel equipped especially for 
that purpose, investigations of ocean currents were merely 
adjuncts to other work Actual measurements by means 
of current meters were first successfully carried out within 
the modern period and were necessarily restricted to spe¬ 
cial working conditions Such measui ements and records 
based upon especially constructed floats have resulted m a 
detailed knowledge of currents unattainable by the earlier 
methods alone 

Returning to attempts to deduce laws of oceanic circula¬ 
tion, the German physicist, Zoppritz, was the first to appre¬ 
ciate the importance of the viscosity or internal friction of 
water m investigations of ocean currents Before 1878, 
when he published the first mathematical theory of wind- 
driven currents, the opinion prevailed that a difference of 
level was necessary for the production of a current It 
was still believed, as stated by Varemus in the seventeenth 
century, that “water has no natural motion except that ‘ 
which follows when it flows to lower levels ” But Zop- 
pritz concluded, from the theory of a viscous fluid, that the 
wind could produce a surface current by its friction on the 
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water surface. This upper layer would, in turn, move 
water underneath, and thus in the course of time give rise 
to motion throughout the whole body of water between the 
surface and bottom In agreement with this, the idea that 
winds can produce a current by the horizontal force of 
friction on the surface has always been held by practical 
seamen They have always regarded the wind as the main 
cause of all currents in the open ocean that have an appreci¬ 
able influence on the navigation of ships. However, when 
suitable measurements of currents were available, it was 
found that the results of Zoppritz’s theory involving labora¬ 
tory values of the coefficient of viscosity were of an entirely 
different order of magnitude from the observed values. 
Thus the elaborate theory that ho developed, although 
mathematically sound and widely accepted and applied by 
other investigators, proved defective in practical applica¬ 
tions Yet his work was of value m stimulating further 
researches and in removing objections previously raised 
against the theory of wind-driven currents 

Bjerknes and Ekman abandoned the concepts peculiar 
to Clamcal hydrodynamics for those of Physical hydro¬ 
dynamics The fundamental assumptions m classical hy¬ 
drodynamics are • first, flow is cither in practically parallel 
layers as demanded by the idea of viscosity dependent upon 
laboratory experiments, or fluid friction is neglected; sec¬ 
ond, the fluid is barotropic, that is, it is either homogeneous 
and incompressible or the density varies only with the pres¬ 
sure In the atmosphere and the ocean the density varies 
with factors other than pressure; temperature and humid¬ 
ity influence the density of the air, and the density of sea 
water depends upon temperature and salinity Moreover, 
neither the sea nor the atmosphere can be regarded as 
fluids flowing only in parallel layers as in the case of con¬ 
trolled laboratory experiments on viscosity. Both have a 
great apparent viscosity because eddies, characteristic of 
ocean currents and winds, transfer particles of the fluid 
across the boundaries between layers along which the aver- 
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age flow proceeds. Accordingly, laws valid for the ideal 
fluid of classical hydrodynamics are not adequate for the 
treatment of problems of the motion of the sea or atmos¬ 
phere. Professor V. Bjerknes, as a result of collaboration 
with his father, continued his investigations of fluid motion 
and founded the science of physical hydrodynamics m which 
the fluid is regarded as baroclmtc, that is, the density de¬ 
pends not only upon pressure but upon other factors such 
as temperature, salinity and humidity He realized that 
when wc cease to consider problems of classical hydrody¬ 
namics as special cases of more general hydrodynamical 
problems, we shall often And new, more fruitful, and ge¬ 
neral methods of dealing with them As a matter of fact, 
m classical hydrodynamics the problems are mainly defined 
by tho surface conditions, while m physical hydrodynamics 
the necessary conditions are contained in the fundamental 
equations themselves. Thus the way is prepared for prac¬ 
tical generalized methods His student, V. W Ekman, 
devoted special attention to the concept of eddy motion or 
turbulence and its consequences, and is the first one to in¬ 
clude in a rigorous mathematical treatment all of the fac¬ 
tors essential to wind-driven currents 

Later contributions of Bjerknes, Ekman, and other in¬ 
vestigators inspired by the new viewpoint are widely scat¬ 
tered in many special publications The need of making 
these modern results more accessible to students of ocean¬ 
ography is accordingly urgent. For the only adequate at¬ 
tempt to meet this need we are indebted to Dr. Albert 
Defant, whose book Dynamischa Ozeanographte, 1929, pub¬ 
lished in German, presents a connected treatment of the 
fundamental concepts upon which the modern study of 
oceanic circulation is based. A glance through this book 
indicates the extensive use of the methods of mathematical 
physics that prevails in modern dynamical oceanography., 
A careful study indicates how well the author has succeeded 
m unifying the whole subject and in explaining the physical 
significance of every step in the calculations. 
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The mathematical-physical treatment of oceanographic 
problems included in dynamical oceanography may be di¬ 
vided into two parts. First, there is the fundamental part 
involving the simplest conditions and essential methods. 
Second, there are modifications of such simple results which 
are made necessary because of variations in actual condi¬ 
tions, e g , irregularities m depth Thus it is possible to 
provide a sufficiently close connection between ideal prob¬ 
lems, essential to any quantitative investigations in ocean¬ 
ography, and actual problems 

It has formerly been necessary to use as a basis for theo¬ 
retical work such scattered data as the investigator could 
find. Much has been, and doubtless will bo, accomplished 
in that way Rut such a procedure has obvious disadvan¬ 
tages, such as insufficient or unknown precision, incomplete 
data, or lack of significant factors that may impair or 
greatly restrict the conclusions. Therefore, it is also neces¬ 
sary to conduct special progiams of intensive observation, 
designed with reference to particular problems, in order 
to improve and supplement the above more extensive and 
preliminary type of woik. Thus, selection of conditions 
such as locality or season, and the attempt to observe all 
relevant phenomena, may afford advantages approaching 
those of the laboratory physicist who controls the condi¬ 
tions affecting his experiments For example, serial tem¬ 
peratures observed in the relatively quiet and deep central 
part of a high-pressure area, undisturbed by land boun¬ 
daries, provide results coi responding to the simplest condi¬ 
tions and would be of great aid in the study of “normal” 
tompeiature gradients Such observations should also bo 
accompanied by observations on the intensity of solar radi¬ 
ation, turbidity, salinity, and evaporation, and should be 
continued through different seasons and times of day in 
order to provide the most important kinds of data. Very 
httle of this intensive type of work, carried on with suf¬ 
ficient. continuity and completeness, has been done it 
has been restncted to certain portions of small inland seas 
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or inshore regions. Although results thus obtained are 
valuable in themselves and as a means of interpreting such 
fragmentary and widely distributed data as may be avail¬ 
able, they cannot take the place of similar intensive work 
at selected stations througho^ the ocean Actual condi¬ 
tions in typical areas of the g^|at oceans must be carefully 
observed and studied if any Reasonable approach to ex¬ 
haustive oceanographic investigations is to be realized 

Purely empirical or statistical methods are indispen¬ 
sable in assembling and coordinating various kinds of field 
data. However, progress from such empirical lesults to¬ 
ward the ideal of a deductive treatment carried out in ac¬ 
cordance with known generalizations of physics is also nec¬ 
essary. Some of the methods of carrying out such 
investigations will now be briefly outlined. 

The Forces that Gene hate and Maintain Oceanic 
Circulation 

Various forces generate and maintain the motion of the 
sea For convenience, they are divided into two groups, 
internal and external forces. 

Internal forces arise from giavity and the distribution 
of mass within the sea and are theieforc intimately related 
to its physical constitution which depends upon tempera¬ 
ture and salinity Accordingly, the internal forces are 
modified by the gam or loss of heat due to radiation, con¬ 
duction, convection, and evaporation. The addition of 
fresh water or its removal by evaporation also modifies the 
internal forces by changing the salinity and the tempera¬ 
ture. 

External forces include the effect of winds on the sea 
surface, changes in atmospheric pressure, and the tide¬ 
generating force of the sun and moon These forces call; 
not directly alter the physical character of the water but 
may, through the resulting motion, change the distribution 
of mass and thus disturb the internal system of forces 
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In addition to these two group? of primary forces there 
are two secondary forces, the deflecting force due to the 
earth's rotation and the frictional force at the boundaries 
between water masses movi/ig with different velocities 
The first acts at right anglcsj to the motion, to the right of 
an observer facing in the direction of motion in the north¬ 
ern hemisphere, and to the left of the observer in the south¬ 
ern hemisphere The second, or internal friction, acts 
along the line of motion in such a way as to retard the rela¬ 
tive motion Neither of these secondary forces can of itself 
generate motion. Although both are consequences of mo¬ 
tion already generated they exert such an important influ¬ 
ence on the circulation as completely to transform it 

Tub Bjerknes Circulation Theory 

The principles of mechanics embodied in Newton’s three 
laws of the motion of a “particle” apply fundamentally to 
a continuous medium, for example, to a fluid But in order 
to investigate fluid motion these principles must be ex¬ 
pressed 111 an appropriate form and the medium must be 
suitably described. 

In 1885 the Norwegian meteorologist, Mohn, estimated 
the height of the surface of the Norwegian sea at a network 
ol stations by means of serial observations of temperature 
and salinity He called tins the “density-surface” since 
its elevation relative to a level surface depends upon the 
distnbution of density Assuming the current due to the 
wind to be proportional to the wind velocity and in the di- 
lection of the wind, he estimated the shape of the “wind- 
surface” or surface of the sea necessary to provide a pres¬ 
sure giadient at right angles to the current sufficient to 
balance the deflecting surface due to the earth's rotation 
Adding to this the departures from the mean level of the 
“density-surface,” he obtained the “current-surface” from 
which the actual current was estimated by using the prin¬ 
ciple that the deflecting force due to the current balances 
the force duo to the pressure-gradient. Mohn was a 
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meteorologist rather than a mathematician or laboratory 
physicist, bnt was convinced of the necessity of applying 
quantitative methods m hydrography. His pioneer achieve¬ 
ment marks the beginning of a new era in the investigation 
of ocean currents, and it contributed much toward the de¬ 
velopment of the more satisfactory modern methods 

The fundamental work of V Bjerknes m physical hy¬ 
drodynamics served as a basis for the development by him 
and las students and colleagues, Sandstrom, Nansen, Ek- 
man, Helland-Hansen, Sverdrup, and others interested in 
physical oceanography, of modern practical methods for 
computing the direction and velocity of ocean currents from 
serial temperatures and salinities at a network of stations. 

The simplest and most commonly used special case of 
the Bjerknes circulation theorem assumes a fully developed 
current caused by the distribution of pressure correspond¬ 
ing to the observed distribution of temperature and salin¬ 
ity. A convenient plan foi computation has been devised 
for obtaining the dynamic depth of any point The dy¬ 
namic depth equals the work done against gravity in rais¬ 
ing a unit mass from that point to the sea surface and is 
inversely proportional to the density of the water The 
deflecting force at a given latitude due to the earth’s ro¬ 
tation is proportional to the velocity of the water and must 
balance the pressure gradient which is proportional to the 
difference in “dynamic-depth” between the boundaries of 
the current. In general, his formula expressing these re¬ 
lations serves to calculate the horizontal current at one level 
relative to that at another level. 

Eddy-Viscosity and Turbulence 

In the motion of the atmosphere and the sea, instanta¬ 
neous velocities m the numerous eddies are unknown, only 
the average velocities are observed or considered in detail 
In 1894 Osborne Reynolds demonstrated that in all such 
cases the coefficient of viscosity must be replaced by the 
coefficient of eddy-viscosity in order to harmonize theory 
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and observations The coefficient of eddy-viscoBity or vir¬ 
tual viscosity for the atmosphere is of the order 3 X10' 
times the laboratory value for air. For the sea the ratio 
is of the ordei 02 X 10’. Both ratios vary widely with 
conditions These gieat differences between the virtual 
viscosity and its laboratoiy value arc due to the fact that 
we do not observe the actual motion in all of its details. 
Our instruments furnish only mean values averaged over 
an interval of time and space, while the actual motion in 
turbulent Thus turbulent or mixing motion causes an 
interchange of energy, of motion, and of other properties 
between the separate fluid layers In consequence there is 
a very great apparent viscosity as long as one follows the 
motion only inacroscopically 

Ten years before Taylor, Richardson, and Schmidt pub¬ 
lished their first papeis dealing with turbulence, Fkmnn 
recognized and made use of this principle in his pioneer 
investigations of wind-driven currents He is the first one 
to include in a rigorous mathematical treatment all of the 
lactois essential to oceanic circulation that is caused by 
wind These factors are the frictional drag of the wind 
upon the uater surface, the deflecting force due to the 
earth’s rotation, and the internal friction due to relative 
motion within the water Under certain conditions that 
are often realized m practice when applying the Bjerknes 
theory, the internal friction is of little importance and may 
be neglected But m wind-driven ocean currents it is al¬ 
ways fundamental, and is due to irregular eddies involv ing 
an interchange of the position of small masses of water 
Turbulence or eddy motion may be measured by the thahb 
of fluid exchanged per unit time per unit area between two 
neighboring units of volume. This quantity has been called 
die Austauschgrosse” by W. Schmidt, and the eddy-vis- 
oosity by L F Richaidson and G I. Taylor in their investi¬ 
gations of the dynamics of the atmosphere 

Turbulence is impoitant not only in the phenomena of 
winds and ocean currents as indicated above, but it has a 
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much wider significance because of the nature of the eddies 
An eddy may be defined as a portion of a fluid that moves 
from a stratum where it has the Bame physical and chemical 
properties, *.c, temperature, humidity, salinity, etc., aB the 
fluid surrounding it, to another stratum with which it mixes. 
Thus, turbulence is the mechanism of heat conduction and 
diffusion of substances mixed with the atmosphere or the 
water It endows a fluid with the ability to transmit heat 
as readily as a solid having a very huge coefficient of con¬ 
ductivity. Likewise a turbulent fluid transmits dissolved 
substances as readily as an undisturbed one having a very 
large coefficient of diffusion The stratification of sea 
water in layers of increasing density fiom the surface 
downward is a fundamental factor tending to prevent mix¬ 
ture or reduce turbulence m proportion to the vertical den¬ 
sity gradient 

The assumption of a constant value of the turbulence 
from surface to the bottom often departs widely from ac¬ 
tual conditions. Accordingly each of a series of smaller in¬ 
tervals, within which the tuibulenco is approximately con¬ 
stant, may be considered separately Important contribu¬ 
tions toward the theory of this more general case and to¬ 
wards the correspondingly complex mathematical proce¬ 
dure have been made by several investigators, notably, 
V W. Ekman, J. E Fjeldstad, K Hulaka, H Arakawa and 
C. G. Eossby Furthermore, important work involving 
turbulence haH been done by G Wust, R Cherubim, H U 
Sverdrup and others m the Zone of Contact between the 
sea and air, and between the ground and the air. 

The Ekman Theory of Oceanic Oihculation 

Ekman developed his theory of wmd-dnven currents by 
means of the equations of fluid motion derived by Euler 
and Stokes. Some of the main features may be briefly 
summarized as follows: Assume a constant wind blowing 
over a large area of deep water, and neglect the effect of 
coasts. Because of friction each layer of water tends to 
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move the one underneath in the direction of flow at the 
boundary. The resultant force on each thin layer must be 
zero if velocity is constant. In order that the resultant of 
the frictional drag above and below such a thin layer may 
balance the deflecting force due to the earth’s rotation, the 
direction of the velocity in the northern hemisphere must 
rotate to the right as the depth increases The magnitude 
must also decrease Subject to these simplifying restric¬ 
tions, a region sufficiently deep and so far away from coasts 
that their influence can bo neglected, ICkman worked out the 
complete solution of the problem. He found the change 
in direction to be proportional to the change in depth and 
the magnitude to decrease as an exponential function of 
the depth At the “depth of frictional resistance,” D, the 
direction is reversed and the magnitude is less than four 
per cent of that at the surface The value of D depends 
upon the coefficient of eddy viscosity and the latitude, and 
is of the order of 200 motors The surface velocity, F» is 
proportional to the frictional drag of the wind and directed 
at 45“ to the right of the wind m the northern hemisphere. 
The resultant flow of the whole column of water is to the 
right of the wind and equals 2/9 (Fo D) 

A constant gradient due, for example, to a constant slope 
results m a constant velocity U« at right angles to the gradi¬ 
ent and of such a magnitude that the deflecting force bal¬ 
ances the gradient Owing to the frictional drag of the 
bottom a component of velocity develops in the direction 
of the pressure gradient in the layer of depth D. The flow 
in the direction of the gradient is 0.16 (ET. D) and that per¬ 
pendicular to it is 084 (U<> D) within this layer. These 
three simple type circulations can be so combined that the 
resultant agrees approximately with actual conditions. 
For example over the Pacific coastal waters of North Amer¬ 
ica there is a large component of wind directed southward, 
and parallel to the coast, resulting in a wind current super¬ 
imposed on a gradient current due to the flow of surface 
water seaward from the coast. This is replaced by colder 
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water flowing from lower levels toward the coast and up- 
welhng to the surface 

To make theories of oceanic circulation as serviceable 
as possible Ekman suggested the following procedure 
which greatly reduces the difficulty of obtaining a solution 
corresponding to complicated boundary conditions First 
choose a number of simple type problems that serve as a 
schematic representation of the different conditions of mo¬ 
tion in the sea Solve these relatively simple problems ac¬ 
curately by means of equations of fluid motion. The steady 
motion computed from the actual differences in density and 
level m the sea and the actual prevailing winds is identical 
with the actual one except for trivial periodic variations. 
In order to calculate the motion from a given density dis¬ 
tribution, formulate an elementary type problem corre¬ 
sponding most nearly to it and regard the deduced motion 
as geometrically similar to the actual If necessary one can 
interpolate between two type problems Then so determine 
the arbitrary constants in the typo problems that the calcu¬ 
lated velocities agree approximately with the actual ones. 

Calculation of the Velocity of Ocean Currents from 
their Effect on Temperature Distribution 

In the absence of ocean currents the distribution of con¬ 
servative physical and chemical properties of sea water 
such as temperature, salinity, and oxygen content may bo 
denoted by the word “normal ” The actual distribution 
of these properties may be regarded as a modification, due 
to ocean currents, of the normal distribution Masses of 
water thus moving along more or less well-defined courses 
tend to preserve their physical and chemical properties as 
they move along By attempting to deduce a circulation 
that would account for the departures from normal values 
of one of these properties, velocities of ocean currents can 
be calculated from their effects without regard to the forces 
that generate and maintain them. 
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For example, consider the temperature distribution as 
an index of circulation The quantity of radient energy 
that passes through a unit area of the sea and is absorbed 
by a thm layer ot water varies directly aB its thickness and 
is assumed to be proportional to the amount of radient 
energy that reaches a horizontal surface Energy leaves 
this layer, because of back radiation and evaporation, at a 
rate approximately proportional to the temperature de¬ 
parture from a constant corresponding to the latitude. 
The time 1 ate of change of the energy in this volume equals 
the difference between the rate at which energy enters and 
leaves If the water flows horizontally and there is a tem- 
peratuie gradient in line with the direction of the flow, the 
product of this gradient by the velocity is proportional to 
the rate at which energy enters or leaves the volume due 
to the current 

The average of the surface temperatures corresponding 
to a given circle of latitude tends to approximate to the 
“normal” for that latitude as the number of observations 
increases, if thev are so distributed as to bo representative 
An equation has been derived between the temperatures, 
observed and normal, at two points along a stream line, and 
the velocity of the current between them It has been ap¬ 
plied to numerous temperature observations made in the 
North Eastern Pacific, and the estimates of horizontal cur¬ 
rent velocities agreed well, on the average, with values ob¬ 
tained by other methods The same principle has also been 
suceessfullv used to calculate the very much smaller velocity 
of vertical cui rents, and m connection with Ekman’s theory 
it Berved to explain the presence of abnormally cold water 
off the coast of California and to relate the amount of tem¬ 
perature reduction to the strength of the winds over the 
ocean. The vortical velocity thus estimated agreed well 
with that found by the Knudsen equation of the flow of 
water and salts in a given closed volume The flow of water 
out of the volume included the rate of evaporation into the 
atmosphere 
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Typical results for horizontal currents are presented m 
Table 1 where estimates from wind velocity are arranged 
in their order of magnitude and corresponding estimates 
from temperature are entered for comparison In both 
methods a steady state of motion and temperature distribu¬ 
tion is assumed On the average the results of the two 
methods agree, but because of high variability numerous 
observations are required to obtain precise results 

TABLE 1 

Observed Winds, Estimates in Milks per Hour ok Ocean-torrent 
Velocities from Winds According to Ekman's Theory, 
and from Temperature 




Mran 

Wind 

vel 

189 200 180 88 130 130 110 110 93 70 70 

12 5 

Current 

from 

wind 

062 049 033 027 023 022 020 019017015014 

027 

Current 

from 

temp 

— 

026 


Supplementary Considerations and Conclusions 

The instantaneous or synoptical motion in the sea is 
conveniently represented by stream-lines or curves such 
that the tangent at every point has the direction of the 
velocity there. Such a zepresentation is called a current 
field In general, the inclination of stream-lines to the 
sea surface is very small and they must satisfy certain con¬ 
ditions: (1) Different stream-lines cannot intersect (2) 
They neither begin nor end in the current field except in 
certain singular points and lines. 

Stream-lines are continuous carves throughout most of 
their length, but certain limited parts may have discontinui¬ 
ties. A line towards which two systems of stream-lines 
converge is called a line of convergence (arrows point to- 
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ward the line) A line from which two systems of stream¬ 
lines diverge (arrows point away from the line) 1 b called 
a line of divergence. Again, stream-lines may converge to 
a point or diverge from a point, or one system of lines 
may converge to a point and another system may diverge 
from the same point In general a lino or point of con¬ 
vergence implies a downward flow while a line or point of 
divergence implies an upward flow in order that the con¬ 
dition of continuity may be satisfied Such vertical veloci¬ 
ties may also result from changes in velocity along parallel 
stream-lines 

Not only the configuration of the coast lines bnt also the 
bottom topography exerts an important influence on oceanic 
circulation Neglect at fiist the effect of compressibility, 
friction and the deflecting force due to the earth’s rotation, 
and assume that the motion docs not vary with time, as 
denoted by the phrase, “stationary condition.” Water 
adjacent to the bottom of the coast must move along these 
boundaries. That is, the stream-lines at the boundaries 
must run parallel to the boundaries Accordingly, the ef¬ 
fect of the accompanying lateral departures of currents 
from rectilinear courses may extend for a considerable dis¬ 
tance from the coast and from the sea bottom For ex¬ 
ample, if the bottom departs from a plane m an undulating 
or wave-like manner the stream-lines of a current flowing 
across the crests and hollows will have a similar wave-like 
departure from horizontal lines. The phase and magnitude 
of these departures depend upon the velocity of the current, 
depth of the water, and horizontal distance between the 
crests A similar distortion of isotherms and isohalines 
may result, and vertical departures even exceeding 100 
meters have been observed When a layer of light water 
rests on one of relatively heavy water such disturbances 
may have little or no effect on the surface although at the 
boundary they may be greatly amplified In general the 
circulation in the sea tends to undulate about simpler aver¬ 
age courses. 
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In his earlier investigations on wind-driven currents 
Ekman assumed the depth to be uniform, but estimated 
the influence of the bottom when the depth is less than the 
“depth of frictional influence,” D. Later he investigated 
the more difficult problems of determining the effect of a 
variable depth on circulation. He found that a uniform 
increase in depth in a direction parallel to the coast caused 
a decrease m velocity of the mid-water current as the dis¬ 
tance perpendicular to the coast increased, assuming the 
wind to be parallel to the coast and in the direction of the 
increasing depth If the depth varies m an undulating 
manner, Ekman concluded that the deep-water current 
would undulate in a horizontal direction, and that the effect 
is due to the absolute variation of the depth rather than to 
a variation relative to D. The following general principles 
formulated by Ekman summarize the results Where the 
depth increases in the direction of a current a vortex contra 
solemn tends to form; where the depth decreases in the direc¬ 
tion of a current a vortex cum sole tends to form, and where 
the current follows the direction of bottom contours no 
disturbance of the current-field results from the bottom 
topography. 

In general, any conditions causing a local accumulation 
of water in one part of the sea and removal of water from 
another part will alter the sea surface and thus cause 
gradient-currents. This alteration will continue until the 
rates of inflow and outflow balance throughout, assuming 
winds and other external influences to be stationary Ek¬ 
man deduced the general law that a depression of the sea 
surface causes a rotational motion contra solemn, and an 
elevation, a rotational motion cum sole 

The practical value of Ekman’s theory of stationary 
wind-driven ocean currents depends partly upon the length 
of required for the wind to generate a current velocity 
approximating its limiting value. His investigation of this 
difficult problem resulted in the following conclusions, as¬ 
suming the depth to exceed D, and excluding a belt close 
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to the equator: the time required for a wind-driven current 
to attain any proportion of its limiting value is independent 
of the coefficient of friction The stationary state will be 
nearly established in a few days’ time within about 100 
kilometers from the coast and for moderate depths, less 
than 500 meters (i e, on the continental shelves). The time 
increases with the depth of the sea, the breadth of the cur¬ 
rent, and the latitude, and may amount to several weeks 
The surface current is practically established in a few 
hours’ time and responds quickly to changes m the wind 
Later estimates by Jeffreys and Proudman agree as to the 
order of magnitude of the time required for a current to 
approximate to its stationary value Accordingly wo 
should, m general, expect a circulation approaehmg the 
stationary state to exist and the corresponding theory to 
apply approximately to actual conditions. 

There is, m general, a continual increase of density tw 
stlu from the surface downward Any small volume of 
water lighter than the average at that level tends to rise, 
if heavier, it tends to sink. Thus the extreme mobility of 
watei results in a stratification according to the density 
and therefore according to temperature and saknity 
Moreover, snch stratification from the lightest water at the 
surface down to the heaviest water at the bottom corre¬ 
sponds to a condition of stable equilibrium in which the 
center of gravity is as low as possible. A body of water 
thus stratified resists any force (i.e., frictional drag of the 
wind) tending to change the relative positions of the dif¬ 
ferent strata If distorted it tends to return to its equi¬ 
librium condition This resistance to change may be indi¬ 
cated numerically by the amount of work that must be ex¬ 
pended in order to transform the stratified body of water 
into one of equal density throughout. 

Earlier investigations of the phenomena of turbulenee 
proceeded on the assumption of an analogy between the 
behavior of molecules and of eddies Accordingly, the 
familiar classical equations of motion, diffusion, and con- 
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duction were used, in which the coefficients of viscosity, dif¬ 
fusion and eddy conductivity that apply to the laboratory 
experiments were replaced by new virtual coeffieients re¬ 
garded as constant in each problem. Since the virtual co¬ 
efficients depend upon the character of the turbulent motion 
rather than on the properties of the substance, water or 
air, we have reason to believe that they would all have the 
same values at the same time and place According to the 
results of meteorological investigations, nearly the same 
value of the coefficient has been found for the diffusion of 
moisture as for the conduction of heat. Less extensive in¬ 
vestigations of the ocean have resulted in the same coef¬ 
ficient for the diffusion of salinity as for the conduction of 
heat. While investigations of the velocity have yielded val¬ 
ues of the virtual coefficient of viscosity of the same order 
of magnitude as those of diffusion and conductivity, sig¬ 
nificant differences are found Apparently, the kinetic en¬ 
ergy is not carried unchanged by fluid masses as they move 
across the boundary between two layers But the same 
masses appear to carry other properties, temperature, 
salinity, etc, with but a small change. Although such a 
procedure adds but little to our understanding of the mech¬ 
anism of turbulence, in detail, it may lead to equations 
agreeing very closely with observations Thus, results 
may be obtained of fundamental importance in the solu¬ 
tion of other problems. Although under certain conditions 
only very rough approximations result, the agreement be¬ 
tween theory and observations may be greatly improved by 
assuming the coefficient to vary in accordance with the sta¬ 
bility, as has been shown by Fjeldstad and others 

Believing that a much more fundamental analysis of 
turbulence can be worked out which would show more 
clearly the structure of turbulent motion, several investi¬ 
gators have made encouraging progress specially within the' 
past fifteen years. In these studies detailed measurements 
of air motion made in laboratories designed to aid in the 
solution of problems of aviation, as well as atmospheric ob- 
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servations have contributed essential information. Impor¬ 
tant parallel advances in the theory of turbulence have been 
made by G I. Taylor, 0 G Sutton, L. Prandtl, Th. von 
Karmun, J M Burgers, 0. G. Rossby, and others. Owing 
to the inherent complexity and irregularity of turbulent 
motion these investigators have necessarily resorted to 
probability methods. In particular, H Gebelein, a student 
of Prandtl, deduced hydrodynamieal equations of motion 
by means of a “probability calculus’’ as developed in recent 
years by physicists to solve their problems of “statistical 
ensembles ’’ The presentation of his results in a volume 
entitled “Turbulenss’ marks a new epoch in this field and 
shows a distinct advance over preceding theoretical meth¬ 
ods The oceanographer is now furnished with a develop¬ 
ing body of information and methods that should impel him 
to give more attention to the theory of turbulence in the 
'*en, and to make field observations designed to contribute 
to a better understanding of this important phenomenon. 

In conclusion, this survey of the field of dynamical 
oceanography has shown that there are various indirect 
methods available for interpreting field observations of 
winds, temperature, and salinity, and that by means of these 
methods we can obtain a knowledge of oceanic circulation. 
It is only by a proper coordination of such methods with 
suitable direct measurements that so complex a phenomenon 
as ocoanie circulation can be adequately investigated. 
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Abstract 

Mollusks were collected from Roatan, the largest of the Bay Islands, located 
about 40 miles off the north coast of the Republic of Honduras Sixteen species 
of land shells are here recorded of which four are described as new The best 
collecting was among the Pleistocene limestone near the western end of the 
island Mollusks previously collected from other of the Bay Islands are reviewed 
The relationship is definitely Central A men can Those species that do show a 
more or less distant relationship to the West Indies might have reached the 
Islands and the Central A men can Mainland by a Tertiary land bridge con¬ 
necting Jamaica and Haiti with Nicaragua and Honduras 


Our knowledge of the land mollusks of the Bay Islands 
of Honduras has been limited to a paper by Ancey (1886) on 
a collection from Utilla and a few records from Bonacca listed 
by Von Martens (1890-1901) Nothing has been known of 
the mollusks of Roatan, the largest of the Bay Islands, and it 
therefore seemed desirable to make a collection from this 
island 
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Fio 1 Sket< h map of the Bav Islands of Honduiw 


The original set of the material, including types, is de¬ 
posited at the Academy of Natural Sciences, while a duplicate 
set is at the Museum of Compaiative Zoology in Cambridge, 
Massachusetts 

Location 

The Bay Islands (Islas de la Bahia) consist of a small group 
of islands m the Caribbean Sea from 10 to 40 miles north of 
the Republic of Honduras Roatan, the largest of the group 
being about 30 miles long and 9 miles wide, lies about 30 miles 
from the mainland 

Roatan is fairly accessible by small schooner from La Ceiba 
on the mainland and it was from this port that we sailed on 
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August 11, 1937. Coxen Hole, the largest town on Roatan 
and the capital of the Bay Islands (PI I, Fig 2), was our 
headquarters. Our collecting trips were made in different 
directions from Coxen Hole, and while it was impossible to 
cover the entire island, we were able to‘visit representative 
localities Upon the completion of the collecting we obtained 
passage on a small schooner (El Pato) for Belize, British 
Honduras, 180 miles distant, from which port another schooner 
(Delphia) took us to Tampa, Florida 

Topography and Geology 

Roatan has a mountainous west to east backbone and 
reaches a height of about 800 feet near the western end 
There are no rivers on the island, merely small streams many 
of which terminate in dense mangrove swamps For a brief 
description of the island together with a detailed account of 
the archeology sec Strong (1935) 

The Bay Islands are a seaward extension of the Sierra de 
Omoa of northwestern Honduras, and consist of ancient crys¬ 
talline rocks of Paleozoic or Pre-Cambrian age (Schuchert, 
1935, pp 351,357,371). The west end of Roatan consists of 
Pleistocene coral limestone up to 10 feet above the sea (See 
PI. II) 1 

Ecological Notes 

The dense jungle of the interior of the island (PI I, Fig 1) 
was not very rich in mollusks However, careful search 
among the humus yielded a number of species of which Poterta 
dyaorn, Subuhna octona, Lucidella midyetti and A Icadw dysoni 
janson i were the most common Our best stations for shell 
collecting were among the limestone outcrops near West End 
(PI II). Here the shells were frequently abundant in the 
crevices of the rock Brachypodella bourgmgnatiana, Mxcro- 
ceramus concxaua archspvrus, Choanopoma andrewace roatanemu 
and Streptoatyla coxeni were the most characteristic species of 

1 For further notes on the geology of Roatan see Sapper (1905), Powers 
(1918), Redfield (1923) and Sapper (1937, p 108, PU 1,7) 
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this association. Truncatella bilabiata was also present on 
this limestone, especially near the shore. 

Previous Literature on Central American Mollusca 

The classic works on the terrestrial mollusks of Central 
America are those of Fisher and Crosse (1870-1900) and Von 
Martens (1890-1901) The fauna of Yucatan has been 
treated by Pilsbry (1891) and more recently by Bequaert and 
Clench (1933, 1936) A recent paper by the present writer 
(Richards, 1937) discussed the fauna of Cozumel Island. 

The mollusks of Guatemala have been discussed recently 
by Hinkley (1920) and by Goodrich and Van der Schahe 
(1937) 

The paper by Ancey (1886) mentioned above records 19 
species collected by C T Simpson from Utilla in the Bay 
Islands of Honduras His list is given below When changes 
in nomenclature have taken place, the original name is given 
in parenthesis The specimens marked with an asterisk (*) 
have been examined in the Academy of Natural Sciences of 
Philadelphia 

Euglandma carminemu (Morelet) 

(( rlandma carnnnenms Morelet) 

*S Ireptostyla thumsom Ancey 
»S alasiella perpusilla (Pfeiffer) 

(Oleacma perpusilla Pfeiffer) 

(ruppya utiUensis (Ancey) 

(Conulus utillensw Ancey) 

Thysanophora cmcovies (Tate) 

(Pseudohyahna cacoides Tate) 

Thyaanophora homxi (Gabb) 

(Helix homi Gabb) 1 

*Microceramua conciaus arctiapvrua (Ancey) 

(Macroeeramis gossei arctispirus Ancey) 
*Brachypodella bourguignatiana (Ancey) 

(Cylindrella bourguignatiana Ancey) 

1 Pn>bably a mwideiitiflcation wm* T hornit Gabb m restricted to Anaona 
and northern Memuo 
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*Lamellaxia simpsoni (Ancey) 

(Nothus simpsoni Ancey) 

*Lamellaxis mexicanus utilensis Pilsbry 
(Nothus mexicanus Pfeiffer) 

*Lamellans fordianus (Ancey) 

(Nothus fordianus Ancey) 

Lamellaxis granlus (Hutton) 

(Opens svbulata Pfeiffer) 

Potena dysoni (Pfeiffer) 

(Aperostoma dysoni Pfeiffer) 

*Choanopoma andrewscp (Ancey) 

(Cyclostoma andrewscc Ancey) 

Helinna amaena Pfeiffer 
Helicina tenuis Pfeiffer 
(H Undent Pfeiffer) 

Alcadia dysoni (Pfeiffer) 

(Hehcina dysoni Pfeiffer) 

Pyrgodomus simpsoni (Ancey) 

(Trochetella simpsoni Ancey) 

*Lucidella hrata (Pfeiffer) 

(Hehcina unidentata Pfeiffer) 

Von Martens (1890-1901, pp 29, 40) mentions the follow¬ 
ing two species collected by Gaumer from Bonacca 

Alcadia dysoni jansoni (Von Martens) 

(Hehcina dysoni jansoni Von Martens) 

Helicina oxyrhyncha Crosse & Debeaux 1 
(H rynchostoma Shuttleworth) 

The fauna of the Swan Islands, which he m the Caribbean 
Sea about 160 miles northeast of Hoatan and 100 miles north 
of Laguna Caratasca, Honduras, has been studied by Pilsbry 
(1931). In this same paper is treated the fauna of other 
smaller Caribbean islands including Old Providence, St 
Andrews, and the Cayman Islands. 

1 Ancey (1904) notec that the specimens in the British Museum from Bonaeca 
labelled H oxyrhyncha an not identical with the type specimens of Crosse and 
Debeaux (1868) the locality of which is unknown Pilsbry (1997) recoids 
H oxyrhyncha C ft D from Panama Von Martens records H, rynehoctoma 
Shuttleworth (- H oxyrhyncha CAD) from Colombia and Vanesuda 
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Land Mollusks from Roatan 
Oleacimdce 

Eugla&dina cumingi Beck 

Between Coxen Hole and North Side, between Coxen Hole 
and French Harbor, West End 

Known from Central America from Yucatan to Panama, 
also from Venezuela 

Streptostyla coxeni new species (PI III, Fig. 2) 

The shell is c:\lindrio-oblong with conic spire and relatively 
acute apex, somewhat glossy Color unknown as the two 
specimens are bleached to an extremely pale brown tint 
5} ^ whorls, the first 2},^ smooth, the remaining with sculpture 
of subregularly spaced axial grooves Columellar fold moder¬ 
ately strong as in 8 meridma Morelet. 

Length 6 25 mm , diameter 2 3 mm ; length of aperture 
3 3 mm The type (A.N S P 170020) and one other shell 
were collected on the limestone outcrops between Coxen Hole 
and W est End 

The species resembles S meridma Morelet of Yucatan and 
Central America in shape but is smaller and is easily recog¬ 
nized by its conspicuous grooves. 

Zonihdcc 

Guppya gundlachi (Pfeiffer) 

Between Coxen Hole and French Harbor 
Of widespread distribution m Mexico, Central America and 
the West Indies 

Fruticolidce 

Averellia (Trichodiscina) coactUiata (Deshayes) 

Between Coxen Hole and French Harbor; North Side, 
West End 

A very common Central American form known from Vera 
Cruz to Panama 

UrocoptidcE 

Brachypodella bourguignatiana (Ancey) 

West End (rare) 

Hitherto known only from the type locality on Utilla. 
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Microceramus concisus arctispirus (Ancey) 

West End 

This variety has been previously reported only from the 
Island of Utills M concisus (Morelet), which differs very 
slightly from the variety, is reported from Yucatan, Cozumel, 
Guatemala, Swan and St. Andrews Islands. 

Subuhnidce 

Subulina octona Bruguiere 

Common at all stations especially between Coxen Hole 
and North Side. 

Widespread throughout all the tropics 

Lamellaxis micra (d’Orbigny) 

(Opeas micra (d’Orbigny)) 

Between Coxen Hole and French Harbor, West End 
Of wide distribution throughout tropical America 

Lamellaxis mexicanus (Pfeiffer) 

(Leptmaria mexicana (Pfeiffer)) 

Between Coxen Hole and French Harbor, West End. 
Known from Mexico, Guatemala and Nicaragua The 
Roatan specimens are not L mexicanus utilensis Pilsbry of 
Utilla Island. 


Sucnnetdw 

Succinea recisa Morelet 

Between Coxen Hole and French Harbor, West, End. 
Reported from the mainland of Guatemala, Nicaragua 
and Costa Rica 


Cyclophondce 

Poteria dysoni (Pfeiffer) 

Between Coxen Hole and North Side. 

Reported from the mainland from the State of Vera Cruz 
to Panama. Anoey found the species on Utilla 
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Pomatiasidce 

Choanopoma andrewsae roatanensis new variety 

(PI III, Figs. 1, 7) 

Resembles the typical andrewsce Ancey except that the 
ribs are somewhat thinner and the shell is slightly more taper¬ 
ing In some individuals a spiral series of sparse chestnut- 
brown dots are developed on the lower three whorls In this 
respect the shell resembles C cozumelensis Richards, but is 
distinguished by its thinner ribs and more slender shape. 

Type (AN SP 170018). Length 1025 mm ; width 60 
mm , width of aperture 4 0 mm. 

West End, fairly common m crevices in limestone 

C andrewsce Ancey is known only from the Island of 
Utilla The other related species, C. cozumelensis Richards, 
was described from the Island of Cozumel 

Hehcinidw 

Alcadia dysom jansoni (Von Martens) (PI. Ill, Figs. 5, 6) 

Common at all stations 

This variety was described from the Island of Bonacca and 
has not been recorded elsewhere A dysom (Pfeiffer) was 
reported by Ancey on Utilla 

Helicina hondurana new species (PI III, Figs 8, 9) 

The shell is depressed, subacutely carinate m the middle, 
the outlines of the conic spire slightly convex, base weakly 
convex Upper surface after the whitish apex is sulphur 
yellow changing in the last whorl to pale pinkish buff, with 
two banks of irregular pinkish cinnamon spots near the suture 
and near the periphery The base is sulphur yellow, the 
callus mustard yellow Aperture subtriangular, the interior 
yellow brown and pinkish cinnamon above. The Up is 
nearly white, reflected, produced in a short blunt mucro or 
projection at the position of the keel. The parietal callus 
spreads rather far forward, where the edge is indistinct. 
There is a small tooth at the base of the columella. 

Height 8.7 mm , diameter 12 7 mm ; 5J whorls. 

The type (A.N.S P 170019) from West End; also col¬ 
lected from between Coxen Hole and North Side and between 
Coxen Hole and French Harbor. 
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The species resembles H rostrata Morelet (from Guate¬ 
mala) in general appearance but differs from it in being more 
carinate, more depressed and by having a much blunter pro¬ 
jection on the outer lip. H denticulata Pfeiffer, known from 
San Pedro and Lancetilla, Honduras, is probably also related, 
but is even more come. H oxyrhyncha Crosse and Debeaux 
(from Panama, Colombia, Venezuela and Bonacca (?)) is 
another mucronate form but can be distinguished by its more 
prominent sculpture and by the absence of the columellar 
tooth. 

Lucidella midyetti new species (PI III, Figs 3, 4) 

The shell is cinnamon rufous, about equally convex above 
and below, acutely carinate, the keel bearing a rather wide 
penostracal border which is largely or wholly lost in the adult 
stage, but often fragments persist especially in the penult 
whorl where it overlaps the suture of the last whorl. After 
the smooth embryonic shell it has spiral threads as in L. lirata 
(Pfeiffer), usually about half as wide as their flat intervals, 
which show minute retractive growth stnse There are gener¬ 
ally about seven above the keel and an equal number or more 
below the base. The central region of the base is without 
spiral threads The aperture is shaped much as m L lirata 
The outer margin of the peristome is thin and expanded, the 
basal margin slightly reflected and a little thickened showing 
only a very slight thickening or none at the position of the 
tooth of L. lirata . The thin parietal callus is strewn with 
granules, more conspicuous than in L lirata 

The species is closely related to L. lirata but differs con¬ 
spicuously as follows: It is larger and distinctly more de¬ 
pressed, more prominently carinate, the whorls are flatter, 
the lip is thinner and reflected less than in L lirata The 
presence of the lamins is also characteristic of this species 

Type (A N S.P. 170021). Diameter 5.4 mm., height 3.2 
nun. 

Cotype. Diameter 3 2 mm , height 2 8 mm. 

Type locality between Coxen Hole and French Harbor; 
also collected from between Coxen Hole and North Side and 
from West End. Common. 

Named in honor of my assistant Allen L. Midyette. 



176 


HORACE G RICHARDS 


L hrata (Pfeiffer) is a common species of the West Indies, 
Central America and northern South America (Veneauela). 
Ancey recorded it (as Helicina umdenUUa Pfeiffer) on Utilla. 

Truncatellidce 

Truncatella bilabiata Pfeiffer 

West End, living on Pleistocene limestone along the shore. 
This species is characteristic of mangrove swamps and 
brackish watei associations Shells are known from Florida, 
Cuba, the Bahamas, West Indies, Yucatan, Swan and Old 
Providence Islands With the exception of the shells from 
Yucatan, no specimens are reported from the mainland of 
Central America 


Zoogeography 

The mollusca of the Bay Islands may be grouped as follows 

Restricted to the Bay Islands 

Streptosiyla thomsoni Ancey U 
Streptostyla coxem Richards R 
Guppya utillensis Ancey U 
Braihypodella bourguignatvana Ancey U R 
Microceramu8 concims arcti spirits Ancey U R 
Lamcllaxis simpsoni Ancey U 
Lamellaxis fardianus Ancey U 
Lnmcllan* mexicanus utilcnsis Pilsbry U 
Choanopoma andrewsm Ancey U 
Choanoponui andrewm roatanensis Richards R 
A Icadia dysom jansoni Von Martens B R 
Pyrgodomus simpsoni Ancey U 
Heliana hondurana Richards R 
Lundella midyeth Richards R 

Primarily of Central American Relationship 

Euglandma carminensis Morelet U 
Euglandma cumingi Beck R 
Sala8iclla perpu8illa Pfeiffer U 
Thysanophora cacouies Tate U 
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Thysanophora homu Gabb (?) U 

Averelha coachhata Deshayea R 

Lamellaxis mexicanus Pfeiffer R 

Succinea recisa Morelet R 

Poleria dysom Pfeiffer U R 

Alcadia dysom Pfeiffer U 

Hehcvna tenuis Pfeiffer U 

IIelicina anuena Pfeiffer U 

Helinna oxyrhyncha Crosse and Debcaux (?) B 

Primarily of West Indian Relationship 

Lucidella lirata Pfeiffer U 
Trunratella bilabiatn Pfeiffer R 

Of General Tropical American Distribution 

Guppy a gundlachi Pfeiffer R 
Subuhna odona Bruguiere R 
Lamellaxis micro d’Orbigny R 
Lamellaxis gracilus Hutton U 

U = Utilla. B = Bonacca R = Roatan 

The relationship is definitely Central American With 
the exception of Lucidella midyetti all the endemic species of 
the Bay Islands are more closely related to mainland forms 
than to those of the West Indies The West Indian Trunca- 
teUa bilabiata is of widespread distribution and could easily 
have been transported by human agency The genus Luci- 
della, although known from Central America, is more charac¬ 
teristic of the West Indies (Jamaica) Those forms that do 
show a more or less distant relationship to the West Indies 
( Brachypodella , Choanopoma, Lucidella ) might have reached 
the Islands and the Central American mainland by the Ter¬ 
tiary land bridge connecting Jamaica and Haiti with Honduras 
and Nicaragua, as discussed by Schuchert (1935, pp 107- 8)i 
This origin of certain elements of the Central American fauna 
from the West Indies agrees with views expressed by the 
writer (Richards, 1937) in discussing the fauna of Cozumel. 
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DISORIENTATIONS OF DEVELOPMENT IN CREPIDULA 
PLANA PRODUCED BY LOW TEMPERATURES 

EDWIN G CONKLIN 

Professor Emeritus of Biology, Princeton University 
(Read April 21, 1938) 

Abstract 

The orientations of the developing egg arc caused by vortical movements 
(plasma flowing) which bring about segregation of structures and substances in 
the chief axis of the egg and later m the cells into which the egg divides In 
normal development these vortical currents run in preestabhshed directions and 
lead to the typical localization of substances and cells in development 

If the developing eggs of the marine gastoropod, Crepiduia, are kept at a 
temperature near freezing for a few hours, plasma flowing and cell divisions are 
stopped though dividing nuclei may finish division and resting nuclei may grow 
and prepare to divide After such eggs are returned to temperatures of about 
20°C , plasma flowing is resumed but often m abnormal directions with the result 
that the directions of division wails and the positions and contents of the cells are 
abnormal Sometimes the plasma flowing is resumed at a later stage than that at 
whu h it was stopped, with the result that certain early cell divisions are entirely 
omitted whereas later divisions are normal, except for the reduced number of cells 
In short all developmental processes are not stopped at the same time by cold and 
oven though certain stages of development are omitted altogether the development 
may go forward from a later Btage, as if the factors of development were active 
during refrigeration although the typical expression of those factors is suppressed 

Nearly forty years ago I called attention to the impor¬ 
tance of "Protoplasmic Movement as a Factor in Differen¬ 
tiation” (Conklin, 1899) and three years later I dealt with 
this subject in a monograph on “Karyokinesis and Cyto¬ 
kinesis” (Conklin, 1902) In both of these papers I showed 
that definite vortical movements during mitosis in the egg 
and cleavage cells of Crepiduia bring about the typical orien¬ 
tations of mitotic figures and cleavage planes and the differen¬ 
tial localizations of different obplasmic substances. Such 
vortical movements had been observed by v Erlanger (1897) 
and Btltschli (1900) in the eggs of nematodes, but the im¬ 
portance of these movements m the localization of the sub¬ 
stances of the egg and m embryomc differentiation had not 

raocnmniras or thk akiuoan rmixworaK al soghht, 
vou 79, no 8, jvn*, 1988 
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been determined previously Smce then such movements 
have frequently been observed m the eggs of different species 
of animals, and especially in annelids, mollusks and ascidians 

I Typical Movements in Maturation and 
Fertilization 

The earliest intracellular movements which I have ob¬ 
served are those which accompany the maturation and fer¬ 
tilization of the egg In all animals the nucleus of the egg 
before maturation is relatively large and a large amount of the 
nuclear contents is set free into the cell body when the nuclear 
membrane breaks down in the first maturation mitosis In 
annelids, mollusks, ascidians and probably in other phyla also 
vortical movements within the cytoplasm occur coincidently 
with the escape of this nuclear material I have studied these 
movements more particularly m gasteropods and ascidians 
and m these forms there is movement up through the egg 
axis to the animal pole and down over the surface toward the 
vegetative pole (Fig A ) The maturation spindle when first 
formed lies some distance from the animal pole and its axis 
may he at any angle with the egg axis, but by means of this 
vortical movement the hyaloplasm and nuclear contents go 
up to the animal pole and are there spread out over the surface 
while the spindle is usually turned into the egg axis and its 
upper end comes into contact with the surface at the animal 
pole. If the egg is not fertilized these movements stop per¬ 
manently at this point, but if a spermatozoon has entered, 
the movements go on until the maturation spindle is thrust up 
against the egg membrane at the animal pole and the surface 
layer is pushed out at this point (Fig A). At the same time 
the spindle grows shorter and wider as if due to this pressure 
and finally the first polar body is cut off, the division wall 
passes through the middle of this shortened spindle, thus 
giving rise to a very small cell, the first polar body. In similar 
manner the second maturation spindle is oriented and the 
second polar body given off under the first. 
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While the movements accompanying the formation of the 
first and second polar bodies are taking place, the sperma- 




Tkxt Fig I Typical eggs of Crepidula plana showing by arrows the 
direction of plasma flowings A and B viewed from one aide, animal pole at top, 
C and D viewed from the animal polo A, first maturation mitosis the flow being 
up through the center and down over the surface, the mitotic vortices are indicated 
by small arrows B, first cleavage mitosis, the plasma flowing up over the surface 
and down in the cleavage plane C, telophase of first cleavage, showing final 
stage of first cleavage vortex, which was Mlightly dexiotropic in each cell D, 
metaphsee of second cleavage showing plasma vortex slightly lmotropic— PB, 
polar body, PL, polar lobe, C, centrosome, S, sphere, cM, sperm aster, dW, 
sperm nucleus, <fCh t Bperm chromosomes, etc A, B, C, D, positions of future 
maoromeres 

toxofln, which has entered the egg generally in the lower hemi¬ 
sphere, moves into and up through the egg axis, the sperm 
nucleus being preceded by the sperm aster (Fig. A) In 
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gasteropods this movement continues until the sperm aster 
and nucleus come into contact with the e gg aster and nucleus 
in the area of clear cytoplasm at the animal pole At the 
same time the layer of cytoplasm at the animal pole flows 
down over the surface toward the vegetative pole, while there 
is an upward flow through the interior of the egg toward the 
animal pole. This is plainly a vortical movement, comparable 
to the movement of particles in a smoke ring 

In ascidians and amphioxus in which there is no egg aster 
the egg nucleus moves down from the animal pole toward the 
ascending sperm aster and nucleus until the two nuclei meet 
near the equator of the egg and on one side of the center, which 
later development shows to be posterior. It is evident that 
other factors than the original maturation vortex are involved 
here No doubt the sperm aster is a factor, since asters in 
general are centers of cytoplasmic flowing But the orienta¬ 
tion of these movements accompanying maturation and fer¬ 
tilization is determined primarily by the polhrity of the egg, 
and in ascidians and amphioxus by its bilateral symmetry also. 

In Crepidula a path of hyaloplasm is frequently seen at 
this stage running in the egg axis from the vegetative to the 
animal pole, and at the vegetative pole there w an accumula¬ 
tion of hyaloplasm which protrudes as a small “polar lobe” 
at each maturation division, as well as at the first and second 
cleavages (Figs A, B) The animal and vegetative poles are 
thus clearly marked by the polar bodies and the polar lobe 
Protrusion of the surface opposite the poles of the amphiaster 
is a common phenomenon throughout the cleavage and I have 
shown elsewhere (1912) that the tension of the surface layer 
is reduced at these points. 

II Typical Movements during Cleavage 

Vortical movements, which are in reverse directions at the 
two poles of the amphiaster, are very evident during the early 
cleavages of the egg of Crepidula. I have described these in 
previous publications (1897, 1902) and in this place I call 
attention merely to the fact that the location and direction of 



Text Fia II Typical cleavages of Crcpidula plana, showing directions of 
vortices in each cell E Prophase of third cleavage, the plasma flow being m an 
apical-dexiotroplc direction F Late anaphase of third cleavage, showing the 
plasma flow in a dexiotropic direction in the micromeres (1) and lyotropic m the 
macromeres (A, B t C, D) G Twelve-cell stage, the macromeres have given off 
the second set of micromeres (2) in a loiotropic direction and the plasma flow in 
these micromeres is also Imotropic, while it w dexiotropic in the macromeres The 
first set of micromeres is dividing in a heotropio direction H Twenty-cell stage, 
the first set of micromeres has divided Isotropically into the central cells (l l ), in 
which the plasma flow is heotropn, and the turret cells (1*), in which the flow is 
dexiotropic The second set of micromeres (2) are dividing lieotropically and the 
macromeres have just given off the third set (3) in which the flow is dexiotropic, 
while it is heotropic in the macromeres 
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mitotic figures and cleavage planes are determined by these 
vortical movements of the cell contents / also the segregation 
and isolation of different substances m the different cleavage 
cells is brought about by these same movements. The direc¬ 
tions of these vortical movements during the early cleavages 
of Crepidula are indicated m the accompanying figures C~H, 
in which it will be seen that at each cleavage the vortices at 
the poles of the amphiaster are greater on the a nim al pole side 
of the cell than on the opposite side, and that there is a spiral 
twist of the vortices of each cleavage, that of the first being 
clockwise (Fig C), the second counter-clockwise (Fig D), the 
third clockwise (Fig E), etc 

In typical cleavage of Crepidula the first four blastomeres 
are approximately equal, from these, three quartets of micro- 
meres are separated which subdivide and give rise to the 
entire ectoderm (Figs G, H, 1, 2, 3), a fourth micromere 
(mesomere, id) is formed from the left posterior macromere D 
and gives rise to practically all the mesoderm, while the 
remaining portions of the macromeres constitute all of the 
endoderm. Thus at the 25-cell stage the three germinal 
layers are segregated m 20 ectoderm, 1 mesoderm and 4 endo¬ 
derm cells. It is important to recall these well-known facts 
of the normal cleavage and differentiation in Crepidula, in 
order to appreciate the changes induced by experiments 

III Experimental Modifications of 
Mitotic Movements 

Intra-cellular movements accompanying maturation, fer¬ 
tilization and cleavage of the egg may be altered or stopped in 
many ways,—by pressure, centrifugal force, lack of oxygen, 
anaesthetics, hypertonic solutions, cold, etc.,—but the actual 
causes of these movements, like the real causes of amoeboid, 
ciliary or muscular contractility, are largely unknown. These 
vortical movements are usually very slow and can be seen 
only indirectly by comparing successive stages in development, 
although in nematodes and ascidians they are sometimes rapid 
enough to be seen directly in living eggs. 
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The present paper deals with the effects of cold on these 
ooplasmic movements during maturation, fertilization and 
cleavage in the eggs of Crepidvia plana. Attention was first 
called to these effects by the remarkable disorientations of 
mitotic figures and cleavage planes m eggs which had been 
kept over night in a refrigerator in order temporarily to stop 
development Following this, a long series of experiments 
was undertaken to determine (1) the most effective tempera¬ 
tures and stages for causing these disorientations, (2) the 
manner m which they are produced, and (3) the effect of such 
disorientations on later development 

1 The most effective temperature was found to lie between 
— 1° and + 5° C for a period of from 2 to 20 hours or more, 
some eggs indeed were kept at a temperature of 5° C for 3 
days without destroying their ability to divide when returned 
to water of about 20°. All mitotic figures and division planes 
from the first maturation division to the 8-cell stage, or even 
later, may be disorientated by cold, intermitotic stages and 
late cleavages are affected relatively little. This is significant 
as indicating that it is the movement accompanying mitosis 
and cell-division that is chiefly affected by cold 

2 Modifications of Cytoplasm and Nuclei While Still m 
Cold .—The most evident direct effect of cold treatment is to 
cause the hyaloplasm throughout the egg to clot or contract 
into islands, which are often connected by strands. A prin¬ 
cipal strand, which is usually present before the first cleavage, 
runs from the animal to the vegetative pole along the egg 
axis (Figs 2, 3, 5, 9) Other strands or lines of islands may 
be roughly radial around the asters or centrospheres (Figs. 2, 
6, 46, 48). Associated with this dotting there is evidently a 
loss of water from the oell since the cell membrane is usually 
wrinkled or irregular when the clots are most evident (Figs. 
2, 6, 47). On return to room temperature the eggB regam 
their smooth outlines and the clots disappear in a short time 
(f to 2 hours). 

Eggs with nuclei m the resting stage that have been kept 
for 8 or more hours near 0° C. have enormously large nuclei 
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and nucleoli, thus showing that resting nuclei may continue 
to absorb fluid from the cell body at these low temperatures 
(Figs. 48-51, 64). Oentrospheres also may be very large u 
such eggs (Fig 6 sp, 48, 56, 64) but it is often difficult to dis¬ 
tinguish centrospheres from cytoplasmic islands or clots (e g. 
Figs 46, 47, 56) Chromosomes may form rings, masses or 
equatorial plates within such enlarged nuclei (Figs 50, 51,56) 
or if the nuclear membrane has dissolved in the prophase the 
nuclear contents may elongate m the form of an abnormal 
mitotic figure (Figs 52-56) which is frequently disoriented. 

3 Effects of Gravity on Eggs Subjected to Cold .—Crepidula 
eggs do not orient with respect to gravity and under normal 
conditions cytoplasm collects at the animal pole and yolk at 
the vegetative irrespective of the relation of the egg axis to 
the direction of gravity But when eggs are left undisturbed 
m the refrigerator for long periods during which the normal 
vortical movements are stopped the lighter cytoplasm and 
heavier yolk may be partially separated m the direction of 
gravity, as in Figs 1, 6, 9,10,14,62, 63, 87 This separation 
is similar m effect to that caused by weak centrifugal force. 
Refrigerator eggs in the 2-cell stage often have their cytoplasm 
carried down into the cleavage furrow toward the vegetative 
pole (Figs 46, 52-55), probably owing to the long-continued 
action of gravity on eggs with the vegetative pole up. Some¬ 
times cytoplasm and nucleus are lodged against the first 
cleavage furrow in one cell and carried away from it in the 
other (Figs 53, 54), this is the condition found in eggs which 
have been centrifuged m a direction at right angles to the 
cleavage plane. There can be little doubt that the action of 
gravity for several hours on eggs in which normal cyclical 
movements have been stopped by cold does cause the heavier 
yolk to go down and the lighter cytoplasm and nuclei up, and 
this is especially true of eggs which have been injured or killed. 

4. Modifications of mitosis and cell division after return to 
room temperature are found chiefly in the disorientation of 
amphiasters and cleavage planes Within half an hour after 
eggs are returned to a temperature of about 22° C. all clotting 
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of cytoplasm disappears and mitotic figures become more 
sharply defined, and they are frequently, but not invariably, 
turned out of their usual positions (Figs. 10, 11, 25, 37-45, 
58-63, et seq ). This disorientation of spindles and cleavage 
planes is the most striking after effect of cold treatment. It 
is evidently caused by modifications of the normal cytoplasmic 
movements accompanying mitosis. Study of the normal 
vortical movements in cell-division long ago convinced me 
that the spindles are turned into their usual positions by such 
currents (Conklin, 1902) and later work on the effects of 
hyper- and hypo-tonic solutions, or lack of oxygen m the 
water, or especially dislocations by centrifugal force confirmed 
this conclusion (Conklin, 1912, 1917). The present work on 
the effects of cold are strikingly like those produced by hyper¬ 
tonic solutions In both there is a loss of water from the cell 
and increased viscosity of the cytoplasm, m both the normal 
vortical movements of the cytoplasm are modified or sup¬ 
pressed and cell division is stopped In Crepidula neither 
x-rays, radium, ultraviolet, nor electric current of 200 mil 
amps, acting for as long as three hours has any appreciable 
effect on these movements and orientations. 

When nuclear division is stopped by cold it is resumed 
when eggs are returned to room tempeiature but when division 
of the cell body has been stopped that division is never re¬ 
sumed When the first cleavage has been stopped two nuclei 
are left in the single cell body (Figs 11-13) On return to 
room temperature these nuclei may then resume division 
(Figs 14, 15) and if eggs were subjected to — 1° for about 
six hours, the typical second division into four macromeres 
may also be omitted, and two micromeres (ectomeres) may 
be formed at the second cleavage (Fig 16) 

5. Changes m the Number of Blastomeres mth No Changes 
tn Differentiation .—In typical eggs there are always four equal 
macromeres, which give rise to three quartets of ectomeres,* 
but in eggs in which there is only a single macromere, although 
this usually contains two nuclei which are the products of the 
first cleavage mitosis (Fig. 13), the ectomeres are formed in 
duets instead of quartets. 
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Typically, mitotic figures and the resulting cleavage planes 
alternate in direction m successive cleavages, the rotation of 
cell contents and nuclei is clockwise in the firet cleavage, 
counter-clockwise in the second, and so on through many 
cleavages When both first and second typical cleavage 
furrows are suppressed the single maeromere, with two nuclei, 
gives rise to three duets of ectomeres m the typical directions, 
the first set coming off m a clockwise direction, the second 
counter-clockwise, etc Even the subdivisions of these duets 
may be in the typical direction as shown m Figs 13-24. In 
some eggs one of these maeromere nuclei divides a fourth 
time, well in advance of the other one, and gives nse to a large 
cell which corresponds in position and general appearance to 
the mesomere, 4 d, of typical eggs (Figs 23, 24) 

Other cases in which there is a single maeromere with one, 
two, or more nuclei are shown in Figs. 25-36 When the first 
cleavage spindle is turned into a position oblique to the egg 
axis protoplasmic micromeres may be formed at the animal 
pole but these are always abnormal and they never continue 
to develop (Figs. 26, 27) Other eggB with two nuclei in the 
single maeromere give rise to ectomeres that are more or less 
abnormal in position or time of division (Fig 28) while m 
others the maeromere nuclei after giving nse to micromeres 
may subdivide into four, eight, or many nuclei without 
division of the maeromere itself (Figs. 33, 35, 36). In all of 
these cases the differentiation of ectomeres and mesomeres 
from the entomere (maeromere) depends upon the segregation 
by protoplasmic movement of different substances in the polar 
axis of the egg and the sizes and positions of cells depend upon 
cytoplasmic currents which turn the amphiasters into typical 
positions 

A rather common disorientation is one in which the first 
cleavage spmdle is turned into the chief axis of the egg and 
the resulting cell division is transverse to that axis (Figs. 37- 
45) Such eggs rarely segment a second time, as in Fig. 45, 
and they rarely develop further, although Fig 36 may be 
such a case It is interesting to see that in such cases the 
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nucleus, centrosphere and cytoplasmic area in the lower cell 
rotate m the telophase into a position on the animal pole side 
of the cell (Figs. 38-40). The fact that such eggs do not 
generally give rise to ectomeres, as in the cases previously 
described, indicates that processes of differentiation are more 
seriously disturbed by an equatorial first cleavage than by 
the suppression of the typical first and second cleavages 
Eggs which are m the two-cell stage when exposed to cold 
show many instances of clotting of cytoplasm, disorientation 
of mitotic figures and cytoplasmic areas, as shown m Figs. 
46-63. These cytoplasmic and nuclear changes have been 
described in the previous section and I take up here the later 
cleavages of such eggs Of course, many such cleavages are 
very abnormal, especially when the temperature was 0° or 
lower or the time of exposure was prolonged Some of those* 
abnormal cleavages are shown in Figs. 65, 82-89, and any 
general principles illustrated by them will be discussed later 
On the other hand many cleavages arc perfectly normal, 
except that the second typical cleavage is omitted altogether 
(Figs 66-75) This is proved not only by the size and dif¬ 
ferentiation of the daughter cells but also by the direction of 
the divisions by which they are formed In the typical 
second cleavages into four macromeres the amphiasters arc 
always lseotropic in position (Fig D), but in these eggs the 
amphiasters are dexiotropic as they are in the typical third 
cleavage (Figs. 66, 67) The second typical cleavage is 
entirely omitted in these eggs, consequently there are only 
two macromeres, and the micromeres are formed m twos 
instead of fours, but in every other respect they are entirely 
typical. The contents, positions and subdivisions of these 
cells are precisely as in typical cleavage, except that since they 
are only half as numerous they are twice as large The first 
set of micromeres (1) comes off m a clockwise direction (Figs. 
66, 67); the second (2) counter-clockwise (Figs. 68, 69, 72), 
the third (3) clockwise (Figs 71, 73-75) The first set sub¬ 
divides unequally and m a counter-clockwise direction into a 
larger central (l 1 ) and a smaller peripheral “turret*' (l l ) 
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cell (Figs. 69-74), and the central cells then divide in a clock¬ 
wise direction (Fig. 76); the second set subdivides in a clock¬ 
wise direction (Figs 73, 74) in a wholly typical manner, and 
one of the macromcres then gives rise to the mesomere, 4d, in 
a counter-clockwise direction (Fig. 76) In all these cells, 
during the telophase and resting stage, the centrospheres turn 
into a position on the animal pole side of each cell (Fig 67) 
and the coarse granules over the upper aster of each mitotic 
figure are precisely as they are in typical cleavage (Fig 68) 

All of these cases indicate that the organisation of the egg 
and of different blastomeres precedes cell division and that 
differentiation does not depend upon a particular succession 
of cleavages nor the number of blastomeres Furthermore 
the segregation, localization and orientation of cell contents 
* and of mitotic figures is caused by regular vortical movements 
in the cytoplasm 

Of course the disorientation of these movements by low 
temperature frequently leads to very abnormal forms of 
cleavage but such abnormalities only confirm the conclusions 
of the preceding paragraph Divisions of the cell body may 
be suppressed following the division of the nucleus leaving a 
binucleate or multmucleate macromere, the later divisions of 
which give rise to abnormal numbers of micromeres (Figs. 77- 
79), or the typical number of macromeres may be increased 
(Fig 80) or decreased (Fig 81) without altering the typical 
form of cleavage and differentiation, although the total 
number of cells is altered. 

Figures 82-89 are a few of the abnormal forms of cleavage 
caused by low temperature In these the order of some of the 
cleavages is indicated by Roman numerals and it is evident 
that profound disorientations of development have been 
caused. In some of these the segregation of cytoplasm 
toward the animal pole of each cell and of yolk toward the 
vegetative pole is evident, in others even this differentiation 
has been disturbed or disoriented in some of the cells, but 
none of these are inconsistent with the general conclusion 
already expressed that the disorientations of development 
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caused by cold are the results of modifications of the typical 
protoplasmic movements within cells The probable inter¬ 
pretation of each of these figures 82-89 is given m the descrip¬ 
tion of figures. 

6 The Later Development of Eggs Subjected to Low Tem¬ 
peratures .—The development of many of these eggs was fol¬ 
lowed for as long as ten days and until larval organs had 
appeared. Some of those in which the second cleavage had 
been omitted, but the form of later cleavages was typical, 
except for the number of blastomercs, gave rise to normal 
blastulffi, gastrulae and veligers In some the gastrulae were 
elongated, but otherwise normal. Many gave rise to exo- 
gastrulae with the shell gland, velar cells and oesophagus well 
formed m the ectodermal hemisphere. Partially separated 
blastomeres of the two-cell stage developed abnormally 
Some small gastrulae and veligers were apparently normal and 
may have come from eggs in which the first cleavage was 
equatorial and the vegetative half was completely cut off 
In other experiments small fragments of larvae with differen¬ 
tiated ectoderm cells were formed, evidently from isolated 
blastomeres However, such isolated blastomeres were not 
followed individually through their development, but there is 
no reason to suppose that a fragment of an egg may give nse 
to an entire larva On the contrary many previous experi¬ 
ments have proved that isolated blastomeres of Crepidula are 
not totipotent 


Conclusions 

The results of this study may be summarized as follows 

1 Fertilized eggs of Crepidula plana, before cleavage or in 
its early Btages, when subjected to temperatures of from — 1° 
to + 5° C. for from 2 to 20 hours show the hyaloplasm con¬ 
tracted into islands or clots, typical vortical movements of the 
cell contents are stopped, resting nuclei may continue to grow 
by absorption of fluid from the cytoplasm. 

2. If eggs are left undisturbed m the refrigerator for 6 or 
more hours the heavy yolk tends to settle to the lower side 
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and the lighter cytoplasm to riBe to the upper side, but this 
segregation is never complete. This partial segregation is 
probably due to the cessation of vortical movements since it 
does not take place at usual temperatures when such vortical 
movements are present 

3. Low temperatures do not affect all processes of cell 
division and differentiation equally or simultaneously. The 
clotting of hyaloplasm, probably accompanied by loss of water, 
is the first visible effect This is associated with partial or 
complete suppression of vortical movements in the cell and 
the stoppage of cytodiercsis Then follow the disappearance 
of spindle fibers, asters and centrosomes and the suppression 
of division of the chromosomes If mitosis had reached the 
telophase before subjection to cold, the daughter chromosomes 
do not form chromosomal vesicles but lie unchanged in a 
mass of archiplasm occupying the area of the former amphi- 
astcr. Resting nuclei and nucleoli continue to grow in the 
cold and may become enormous All of these modifications 
are similar to those caused by hypertonic solutions (Conklin, 
1912). 

4 Recovery from these effects, when the eggs are returned 
to a temperature of ca 22° 0., is in the following order 

(1) Disappearance of cytoplasmic clots (2) Reappear¬ 
ance of amphiasters and resumption of nuclear division 

(3) An interrupted cell division (cytodieresis) is never com¬ 
pleted, but is entirely omitted; thus bmucleate cells arise 

(4) The typical differentiations of blastomeres are more or 
loss independent of their number and sequence, but not of 
their orientation with respect to the egg axis. Alter the first 
or second cleavage furrows have been suppressed they are 
never completed, and when the vortical currents reappear 
they and the orientations of the mitotic figures may be those 
typical of the third and all later cleavages and in that case 
typical micromeres (ectomeres) are formed in sets of two 
(duets) instead of sets of four (quartets) However, if the 
renewed vortical movements are atypical and the mitotic 
figures are turned out of their typical positions the resulting 
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cleavages and differentiations are atypical (5) These results 
indicate that various processes m cell division and differen¬ 
tiation may be halted by cold at different times and thus their 
typical correlations altered They also indicate that after 
the orienting movements of an earlier stage have been stopped 
for a time they are not lesumed at the point where they were 
stopped, but are followed by vortical movements character¬ 
istic of a later stage, as if the factors of typical development 
were undergoing progressive change during the period of 
refrigeration, although the typical expression of those factors 
is suppressed. 
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DESCRIPTION OF FIGURES 

All figures are of whole eggs and cleavage stages of Crepidula plana f wlilch had 
been subjected to low temperature (— 1° to -f 5° C ) for from 4j to 24 or more 
hours They were then either fixed at once and then stained and mounted entire, 
or were kept in sea water at room temperature (ca 22° C) for periods varying 
from 1 to 24 hours before being fixed, stained and mounted 

All figures were drawn with the aid of a camera lurida under Zeiss 3 mm oil 
immersion, ocular 4, at table level (magnification ca 550 dia), m the process of 
reproduction they have been reduced by about } so that they are magnified 
about 350 dia as here represented 

In all eggs that were kept at — 1° to 4* 5° C for one hour or more and then 
fixed at onoe, the cytoplasm throughout the yolk area is clotted or contracted into 
islands and strands, this clotting disappears within an hour when eggs are brought 
back to room temperature, but cytoplasm and mitotic figures are frequently 
dislocated from their normal positions It should be emphasized that the eggs 
and cleavage stages shown m these plates are only a few of the innumerable forms 
of abnormalities caused by cold The figures selected for reproduction hero are 
those which could be most readily interpreted in terms of normal development 
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Plate I 

Fig I Egg in first maturation metaphase with the upper aster attached 
to the surface at the animal pole, which is drawn in at this place The unusually 
thick layer of peripheral cytoplasm over the vegetative half probably indicates 
that this side was uppermost while in the cold chamber, islands and strands of 
cytoplasm are found throughout the yolk, the sperm nucleus (cPAT) lies near the 
equator m a strand of cytoplasm leading from near the vegetative pole to the 
maturation spindle, 0° for 6 hrs , fixed at once 

Fig 2 Metaphase of second maturation division, spindle tangential to 
surface, sperm nucleus (d”A0 at periphery near equator, no sperm aster evident, 
clots of cytoplasm m the yolk and a central line of such clots through the axis of 
the egg, the egg surface is wrinkled, indicating that the egg has lost water, — 1* 
for 8 hrs , fixed at once 

Fig 3 Anaphase of second maturation (2d mat), spindle greatly elongated, 
sperm nucleus and aster (cTJV) below equator, polar lobe (PL) at vegetative pole, 
from which an axial path of cytoplasm runs up to the maturation spindle, dots of 
cytoplasm throughout the yolk, — 1* for 6 hrs, fixed at once 

Fig 4 Telophase of second maturation, egg chromosomes and aster 
(9 Ck&A) in a semi-circular group at the animal pole, second polar body under 
the first, which has divided, sperm nucleus and aster widely separated near center 
of egg, polar lobe (PL) at vegetative pole, — 1° for 6 hrs, then room temp 
22 hrs , development permanently halted 

Fig 5 Resting egg nucleus at animal pole, sperm nucleus (cPAT) in center 
in a path nf cytoplasm leading from the animal to the vegetative pole, the latter 
marked by the polar lobe, no clots of cytoplasm in the yolk, — 1° for 0 hrs , room 
temp 1 hr 

Fig 6 Egg kept at 1° G for 52 hrs and then fixed at once The principal 
mass of hyaloplasm (Hy) and the chromosomes of the egg nucleus (9 Ch) are 
near the vegetative polo, probably owing to the long-continued action of gravity 
on an inverted egg, sperm nucleus (cPAO and spheres (Sp) near equator, cyto¬ 
plasmic dots and strands are roughly radial 

Fig 7 Giant second polar body containing two karyomeres, first polar 
body dividing, large egg nucleus (9 AO and aster ( 9 A ) at the animal pole and an 
equally large sperm nucleus (cPAO and aster (c PA) at the vegetative pole, — 1° 
for 6 hrs, room temp 22 hrs Movements of nuclei and asters and formation of 
cleavage spindle have been stopped 

Fig 8 First cleavage spindle nearly vertical in the egg axis, which is 
marked by the three polar bodies (PBa) and the polar lobe (PL), 0° for 6 hrs, 
room temp 1 hr, dunng which time the cytoplasmic dots have disappeared, but 
the first cleavage spindle has not turned into its normal position at right angles to 
the egg axis 

hSas 9 and 10 Eggs of the same stage and experiment as Fig 8, but in 
which a thin layer of cytoplasm covers the vegetative half, presumably because of 
tlie slow action of gravity on eggs which had the vegetative pole uppermost The 
first cleavage spindles are oblique to the egg axis, owing to the interruption of 
orienting currents in the cytoplasm, 0° for fi hrs, room temp 6 hrs, dunng which 
the cytoplasmic dots have disappeared 

Fra 11 Anaphase of first cleavage spindle, which is in normal position, the 
thickened layer of cytoplasm at the animal pole indicates tliat this side was 
uppermost while the egg was In the cold, dots of hyaloplasm (Hy Ct *) in the yolk, 
“ 1° for 8 hrs, then fixed at one© 

Fig 12 Telophase of first cleavage, m which the daughter ohromoeomes 
have formed vesicular nuclei, but no indication of cell division is present, the 
spindle remnants are unusually long at this stage and dots of cytoplasm are 
found in the yolk, — 1° for 8 hrs, then fixed at once. 




Flats II 

Fig 13 First cleavage furrow suppressed, but its position (1st Cl P) 
indicated by a deeper Btaimng line of cytoplasm, daughter nuclei (AO and asters 
(A) enormous, showing that cold does not stop their growth, cold room (ca 0°) 
for 6 hre , room temp 4 hre 

Figs 14 and 16 First cleavage furrow suppressed, but indicated by line 
of cytoplasm, second cleavage spindles present but not in normal positions, same 
preparation as Fig 13 

Fig 16 Egg in which the first cleavage furrow was suppressed, but the 
nucleus divided, leaving both daughter nuclei (M) in the one macromere At the 
second cleavage each of these nuclei divided, giving rise to two micromeres of the 
first set (1) which are not in contact, connected with each of the four nuclei is a 
centrosome (A), — 1° for 6 hrs, room temp 6 lire 

Figs 17-21 Same preparations os Fig 16, showing formation of micromeres 
m sets of twos from the single macromere containing two nudei In Fig 17 the 
first net of micromeres (1) has sub-divided in normal manner into a larger central 
(l 1 ) and a smaller peripheral “turret" cell (l f ) as indicated by the bonds, the 
micromeres of the second set (2) have come off in a lesotropic direction, as in 
normul eggs, and the spindles shown in dotted outline at a lower level in the 
macromere are dividing to give rise to two micromeres of the third set 

Fig 13 All three sets of micromeres have been given off from the single 
macromere with Its two nuclei (MM) , the dotted transverse line indicates the 
position of the suppressed first cleavage f urrow The two nuclei in the macromeres 

are labelled M and lie under the spindles m the central colls (l 1 ), the latter are now 
dividing a Becond time, having given off the “turret" cells (1*) at their first 
division, as indu ated by the bonds The second set of micromeres (2 1 , 2*) have 
divided normally, as indicated by the bonds, and those of the third set (3) have 
formed in the normal direction, as shown by the bonds All of these micromeres 
are m sets of twos, si ms* the typical first and second cleavage furrow were sup¬ 
pressed and the two daughter nuclei of the firet cleavage are left in an undivided 
egg cell, while the second typical cleavage into four macromeres is omitted entirely 
Fig 19 Another egg from the same slide as the preceding, showing the 
micromeres of the first, second and third sots, perfectly normal In relative positions, 
but approximated twice the size of normal micromeres since they are present in 
twos instead of fours, owing to suppression of the firet and second cleavage furrows 
and the presence of two nuclei (M) m the undivided macromere The first set 
of micromeres (1) divided first into an apical (l 1 ) and an outer “turret" cell (1*), 
as indicated by the bonds, and the apicals are now dividing again in typical 
dexlotropic direction (l l l , l 1 *), the second set (2) has subdivided in isootropic 
direction (2 1 ,2*), while the third set (3) has not subdivided 

Fig 20 A side view of an egg from the same slide as the preceding, the two 
nuclei in the macromere (marked AT) are shown in dotted outline under one 
microtnere of the third sot (3), the spindle on tbo left is in a micromere of the 
second set (2), and the two cells on the nght (2 1 ,2 s ) are also of the second set, the 
remaining six micromeres are of the firet set, as indicated by the labels 

21 Apical view of an egg similar to Fig 20 The micromeres of the 
second (2) and third (3) sets meet in a polar furrow under those of the first (1) set, 
the subdivisions of which are indicated by bonds and labels 

Fig 22 Side view of on ogg like Fig 19 with 1 macromere containing two 
nuclei (Jr) and 12 micromeres, the firet, second and third seta of micromeres were 
formed with 2 cells in each set, but the firet set has subdivided twice and the 
second set once, - 1° for 6 hre , 22°, 16 hre 

Fig 23 One macromere with 2 nudei (A/) and 16 micromeres in three sets 
of two each, which have subdivided so that there are 6 of the firet set, 8 of the 
second set and 2 of the third set, which latter are shown dividing, in addition there 
is 1 large cell of the fourth set corresponding to the mesoderm cell (4d) of typical 
cleavage - 1° for 4* hre, 22°, 24 hre. 

Fig 24 Kgg similar to preceding but with a faint indication of a firet 
cleavage furrow between the two macromere nuclei (Af), there axe 16 micromeres 
(only 12 are shown) and one meeomere (4d), - 1° for 6 hre , 22°, 16 hre 
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Plats III 

Fios 25-27 'Eggs in which the first cleavage spindle was turned into a 
position similar to that of the 3d cleavage of normal eggs with the result that 
nncromeres are formed at the animal pole, which are more or less similar in content, 
position and subsequent subdivisions to the first, second, and third quartettes of 
typical eggs, but in sets of ones, instead of fours Such cases are relatively rare 
and development is not as regular nor does It go aa far as when micromeres are 
formed in sets of two, as m Figs 10-24 and 28-31 

Fla 25 Giant polar bodies, first cleavage spindle oblique to egg axis, 
which is marked by polar bodies, polar lobe and axial path, — 1° for 8 hrs, room 
temp 14 hrs 

Fig 26 Atypical first cleavage giving rise to a large micromere of the 1st 
set at the animal pole, containing a large nucleus of irregular form, two large 
karyomeres in the macro mere have not united, — 1° for 6 hrs, room temp 16 hrs 
Fig 27 Tiie first cleavage spindle was nearly vertical and cut off a 
micromere like one formed typically at the third cleavage except for sise This 
first micromere has divided unequally into a large central (l l ) and a smaller outer 
“turret” cell (1") as shown by the spindle remnant connecting the two daughter 
nuclei A second micromere has separated from the single macromere, as in 
typical cleavage, but all the chromosomes are in the second micromere and only a 
centrosphere is left in the macromere, — 1° for 6 hrs, room temp 16 hrs 

Fra 28 Egg with one macromere containing two connected spindles, 
which are in process of giving off the third set of micromeres, there are six 
micromeres, two of which belong to the second set (2) and are in contact and not on 
opposite sides of the egg, as in Fig 17, and four belong to the first set (l 1 , 1*), 
— 1° for 6 hrs, room temp 16 hrs 

Fig 29 Single macromere with two nuclei shown in dotted outline, and 12 
micromeres, which were formed in sets of twos, as in Fig 19, there are 6 of the 
first set, 4 of the second and 2 of the third, same slide as preceding 

Fra 30 Egg similar to the preceding with two nuclei in a single macromere 
and 14 micromeres, some of which cannot be identified with certainty, — 1° for 8 
hrs, room temp 14 hrs. 

Figs 31-36 Eggs in which the typical first and second cleavages were 
suppressed and in which the micromeres cannot be identified with certainty 
Fig 31 Bide view of egg with one macromere containing two nuclei and 
with 10 micromeres, - 1° for 0 hrs, room temp 16 hrs 

Fig 32 Bide view of egg similar to the preceding but in which one of the 
two nut lei (M) in the single macromere is abnormal in shape and has given rise to 
micromeres with abnormal nuclei, - t° for 8 hrs, room temp 14 hrs 

Fig 33 One macromere containing 8 karyomeres, 16 micromeres each 
with one nucleus, — 1° for 8 hrs, room temp 14 hrs 

Fra 34 Side view of egg with two nuclei (AT) in the single macromere and 
14 muromeres, two of which are dividing, - 1° for 0 hrs, room temp 16 hre. 

Fig 35 Bide view of egg similar to Fig 33, and from the same slide, In 
which there are 8 nuclei or karyomeres in the single macromere and 16 micromeres 
Fra 36 ICgg in which the first cleavage was nearly equatorial as In Figs 
37 42 and m winch the upper cell has given rise to 32 micromeres, the lower cell 
contains a large number of karyomeres, — 1° for 0 hrs., room temp 23 hrs 
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Plate IV 

Figh 37-44 Eggs in which the first cleavage spindle was nearly vertical 
in the egg axis and the resulting cleavage furrow is nearly equatorial, the animal 
pole is marked by the polar bodies and the vegetative pole by the polar lobe or 
axial path of cytoplasm In Fig 37 the division wall passes through the middle 
nf the telophase spindle, in the later stages Bhown in Figs 38-43 the division 
apjiears to pass through the lower end of the spmdle, but this is due to later 
movements of cytoplasm and nuclei toward the animal pole in lioth daughter colls 
In Fig 43 the upjier cell is lobulated on its lower side, the indentation lying m the 
direction of a meridional furrow, this probably indicates an attempt on the part 
of the cytoplasm to divide in the normal manner All from the same experiment, 
viz — 1° for 6 hrH, then room temp of 22° for 4 hrs 

Fig 45 Egg in which both first and second cleavages are transverse to the 
egg axis, — 1° 6 hrs , then room temp 16 hrs The further development of such 
eggs is shown in Figs 84-88 
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Plate V 

Fios 40-55 Two-c^ll stages subjected to — 1° to 2“ C for from 0 to 23 hrs 
and then fixed at once All show more or lew clotting of cytoplasm and many 
division stages show dislocation of mitotic figures and cytoplasm, caused by the 
suppression of normal movements of tlie cytoplasm 

Figs 40-48 Marked clotting of hyaloplasm (Hy Cis ) in more of less 
radial lines, — 1° for 8 hrs , then fixed at once 

Fra 49 Enormous nuclei and nucleoli with daughter oentrospheres on 
opposite sides of nuclei, + 2° for 23 hrs , fixed at once 

Figs 50-51 Nuclear membrane dissolved but contents still visible with 
chromosome plates and centrospheres in more or less abnormal positions within 
the nuclear areas, -f 2° for 0 hrs, fixed at once 

Figs. 52-55 Chromosomes, centrospheres and cytoplasm in abnormal 
positions, cytoplasm especially abundant fin cleavage furrow, -f 2° for 6 hrs, 
fixed at once 
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Platk VI 

Figs 56-63 Two-cell stages with mitotic figures in abnormal positions 
I<igh 56, 57 Eggs kept at — 1° fur 8 hrs and then fixed at once 
Figs 58, 60-03 Eggs kept at — 1* for 6 hre , room temp 1 hr 
Fig 69 Egg kept at — 1° for 6 hrs , room temp 14 hrs 
Fig 64 Egg kept at + 2° for 23 hrs v then fixed at once Second cleavage 
furrows were suppressed hut nuclear division was completed and daughter nuclei 
and nucleoli have grown to a large size while in the cold In the right blastomere 
the position of the spindle was abnormal 

Fig 65 Two-cell stage kept at — l p for 8 hrs , room temp 14 hrs The 
second cleavage spindles were at right angles to their normal positions as in Fig 61 
Cytoplasm is most abundant in the daughter cells to the right, possibly owing to 
the a< tion of gravity 
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Plate VII 

Fiuh 66-75 Egg* subjected to cold in the 2-cell stage after the first cleavage 
was completed The typical second cleavage w&a entirely omitted and there are 
consequently but two macro meres, each of which gives rise to micromeres that are 
entirely typical in contents! positions and sub-divisions, but since they are only 
half as numerous as in typical eggs they are twice as large 

Fia 66 Two-cell stage kept at 0° for 41 hrs , room temp 24 hrs. The 
first set of micromeree (1) were formed by a dexiotropic direction as in the typical 
third cleavage 

Fia 67 Side view of egg like Fig 66, granular sphere substance at apical 
surface of first set of micromores, material of the polar lobe shows at the lower pole 
of the left (posterior) macrometc, — 1° for 41 hrs, room temp 14 hrs 

Fig 68 Second set of micromeres forming in lteotropic direction! as in the 
typical fourth cleavage, coarse granules of sphere substance at the upper ends of 
the spindles as in normal eggs, 0° for 4) hrs, room temp 24 hrs 

Fia 60 First micromeres subdividing in lteotropic direction, nuclei and 
spheres in second micromeres and macro meres perfectly normal in position, 
— 1° 6 hrs, room temp 14 hrs 

Fig 70, Side view of egg similar to Fig 69, one of first micromeres sub¬ 
dividing in typical manner, polar lobe at lower side of left (posterior) macromere, 
same experiment as Fig 69 

Fig 71 Side view of stage like Fig 74, in which the first and second 
micromeres have subdivided and the third has formed, same experiment as 
preceding 

Fig 72 Apical view of stage a little older than Fig 69 in which the first 
micromeres have subdivided into a large apical (l 1 ) and a small peripheral 
"turret’' cell (1*), 0° for 4} hre, room temp 24 hrs 

Fig 73 The third micromeres have been cut off in a dexiotropic direction, 
while the second are subdividing, all in typical manner, - 1° for 6 hrs, room temp 
14 hrs 

Fig 74 All three sots of micromeres present in typical positions and 
shapes, but double in sise and half the number of those m typical eggB, * 1° for 6 
hrs, room temp 22 hrs 

Fig 75 Second subdivision of first micromeres in dexiotropic direction, 
other micromeres as in Fig 74, — 1° for 6 his., room temp 16 hrs 
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Plate VIII 

Fias 76*79 ICggs subjected to cold in the 2-cell stage in which the typical 
second cleavage was omitted, but m which the micromcres are not entirely typical 
in position or order of formation and subdivision 

Fia 76 First, second and third micromcres arc typn al (as m Fig 74) but a 
large fourth micromere (4d) has separated from the right macromere in a dcxio- 
Irojnc direction, and be}on the second subdivision of the apical cells, — 1° for 6 
lira , room temp 23 hrs 

Fig 77 Egg with three large nuclei in the right macromere and with 18 
mtcromeres which cannot be individually identified, — 1° for 6 hrs , room temp 
23 hrs 

Fig 78 Side view of stage like Fig 77 with micromcres crowded down 
into the furrow between the macromcres, same preparation as Fig 77 

Fig 79 First two macromcres widely separated with numerous micromcres 
between them, 1° for 24 hrs , room temp 10 hrs 

Fig 80 Egg with 5 macromores and 22 micromeres, each of the maeromeres 
has just divided, forming *> mieromeres of the third set (3), 1° for 24 hrs, room 
temp 10 hrs 

Fig 81 Egg with 3 macromcres, each of which has given off three 
micromerea, the micromcres of the first set have subdivided once into apical* (l 1 ) 
and small "turrets” (I s ), two of the second set are subdividing and the third set 
is just coming off from each of the macromeres, absolutely typical except that all 
are in threes instead of fours, — 1° for 0 hrs , room temp 23 hrs 

Fias 82-89 Very abnormal cleavages with four or more macromereB which 
are abnormal in positions and subdivisions owing to dislocation of mitotic figures 
and cleavage planes In all these the first or second cleavage plane was transverse 
or oblique to the egg axis, which is marked m all cases by the polar bodies, and in 
Figs 87 and 89 also by the polar lobe 

Fig 82 .One of the first two cleavages, probably the second (II), was 
transverse to the egg axis Cytoplasm and mitotic figures lie on the animal pole 
side of each cell Coarse granules over the upper ends of the spindles in the lower 
cells are like the granules of sphere substanue in the second set of iwcromercs of 
normal eggs (see also l ig 68) 

Fig 83 Later stage of an egg similar to Fig 82 Only two cells have their 
cytoplasm and mitotic figures at the animal pole, m the other cells cytoplasm and 
nuclei are centered on an area about 90° from the polar bodies, probably the first 
cleavage (I) was approximately normal, the second (II) transverse to the chief 
axis with most of the cytoplasm below this cleavage plane, — 1° for 6 hrs , room 
temp 23 hrs 
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Plate IX 

Fig 84 Abnormal 4-cell stage in which both first and second cleavage 
planes were oblique to the egg axis, and in which polarity is partially reversed in 
the right cell, possibly owing to rotation of this cell after its formation, — 1° for 
6 hra , room temp 22 hrs 

Fig 85 Abnormal 8-cell stage in which the first cleavage (I) was transverse 
to the egg axis and the lower half then gave off two or three micromeres at its 
upper side while the upper half divided irregularly into four or five cells, — 1° for 
6 hrs, room temp 23 hrs * 

Fig 86 Very abnormal 8-cell stage in which the first (I) cleavage was 
approximately normal while the second (II) and third (III) cleavages were 
abnormal in position, — 1® 6 hrs, room temp 23 hrs 

Fig 87 Seven cells (one with two nuclei, as shown by the bond) in which 
first, second and third cleavages were abnormal in position, the egg axis is marked 
by polar bodies and polar lobe substance and both fimt and second cleavages were 
transverse or oblique to this axis, — 1° for 0 hrs, room temp 23 hrs 

Fig 88 Eight-cell stage in which the first cleavage (I) was nearly in the 
egg axis but the second (II) and third (III) were out of position (the third cleavages 
are marked by bonds) In spite of abnormal cleavage the cytoplasm and nuclei 
are on the animal pole side of each cell, showing that the intrinsic polarity of each 
cell is but little changed, - 1° for 6 hrs, room temp 23 hrs 

Fig 80 Eight-oell stage in which the first cleavage (I) was nearly in the 
egg axis hut the second (II) was transverse to it Each of the four mooromereB so 
formed hoe given off a large micromere on its upper side and two of these 
micromeres are dividing, same preparation os the preceding 
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Abstract 

Various species of Stenostomum have been widely used for experimental 
purposes but the results of tlie work have been confused because of the uncertainty 
of specific identication A review of the literature shows 30 species previously 
described from America. 18 of which appear to be of unquestionable validity 
Descriptions and plate* (with specific diagnoses and a key) are furnished for these 
18 and 4 new species Brief notes on the biology of the genus give a working 
knowledge of collection and culture methods 


Introduction 1 2 > 3 

Species of Steno9Umum exhibit many characteristics which 
fit them well for various types of experimental work They 

1 To Dr William A Kepner, University of Virginia, for his criticism of the 
manuscript and the use of his library on rhabdoooela, to Dr Alexander Vyssotsky, 
University of Virginia, for translating papers from the Russian and to Mrs J W 
Nuttycombe for invaluable assistance with the literature we wish to express our 
gratitude 

* A substantial part of this work was dona at the Mountain Lake Biolofpcal 
Station, of the University of Virginia during the summer of 1836 when the senioV 
author held a research fellowship at the Station 

• The senior author ahme la responsible for the determination of species valid- 
ity and for most of the material in the history of the genus 

PROCEEDINGS OP THE AMERICAN PHILOSOPHICAL SOCIETY, 

VOL. 78, NO 2, JONS, 1938 
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culture easily, reproduce rapidly, regenerate extensively and 
are so simply constructed that internal changes may be 
readily observed Several species have been widely used for 
studies of varied types Child (1901, 1902a, b and c , 1903), 
Van Cleave (1929, 1934), Sonneborn (1930), Carter (1933), 
Kepner and Yoe (1933), Nuttycombe (1932a) and others have 
used members of the genus for studies of axial gradients, 
normal reconstitution, reconstitution following x-radiation, 
genetics, the action of vital stains, phagocytosis, and for other 
experimental work. It appears to us that several species of 
the genus are ideally adapted to studies in population 
problems. 

The results of past work have been complicated several 
times by the fact that accurate specific identifications were 
not made. Van Cleave (1929) sharply focused attention on 
the effect which incorrect specific identification might have 
upon experimental results He found that the reconstitu- 
tional behavior of S tenmcaudatum 1 was like that described 
by Child (1903) for S . leucops and that the species which he 
(Van Cleave) identified as S leucops had a very different re- 
constitutional pattern Smce that time it has become ap¬ 
parent that many of the specific identifications of the past 
have been faulty 

The primary purpose of this paper is to describe the present 
American species of the genus so that accurate diagnosis will 
be possible to future workers It is not the purpose of this 
paper to serve as an exhaustive source of information concern¬ 
ing the genus. We have however attempted to locate all the 
literature on the genus in order that we might have a fairly 
complete history of the various species and m order that we 
might select the most important papers for citation here. We 
believe we have been able to obtain all the papers of real sig¬ 
nificance A few others we have been unable to tocate and 
know only from abstracts. In our attempt to limit the length 
of this paper we have found it necessary to reduce all sections 

1 Wo are wring the specific nunc fenutcau datum at preferable to the original 
name tmwcawia (Graff, 1911) which has been umveraally used until now 
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to a minimum and in certain section*, notably those on the 
history of the genus and the general biology of the genus, the 
space allotted is hardly consistent with the importance of the 
topics Even in these abbreviated sections we have tried to 
include sufficient material and bibkography to serve as a 
groundwork for one who wishes to make a detailed study 

Brief History of the Genus Stenostomum 

Dugfis (1828) described Derostnma leurops which was later 
removed to a new genus, Stenosloma, by O Schmidt (1848). 
Schmidt at this time added to the new genus a second species, 
8. unicolor, and in 1852 he added a third species, 8 tomeense 
Schmidt (1858) placed the genus in the family Microstomecn 
and Schmarda (1859) placed the genus in a rhabdoeocl Sub¬ 
order Pharyngea, Family Derostoma. Diesing (1861) placed 
Stenostominea in a group, Arhynchoeoelo proctucha, along 
with Microstomum and others Vejdovsky (1882) moved the 
genus into his new family Stonostomidae and included his two 
new species, S fasnatum and S tgnavum Graff (1882) placed 
the genus m the family Microstomidae and listed the following 
species S gracile, 1 S lemnae ,* 8 qualernum , 3 S coluber ,* 
S 8ieboldn, b S binum ,® S unicolor, S tgnavum, 1 8 leucops, 
and 8 fasnatum 1 Graff (1913) mentions m his bibliography 
for Calenula lemnae a Stenostomum monocoehs described by 
Schmidt (1878). The genus continued for some time m and 
out of the families Microstomidae and Stenostomidac 
Keller (1894) carried the genus in Vejdovsky 'b Stenostomidac 
whereas Plotnikow (1905 a, b) located the genus m the Micro¬ 
stomidae Graff (1905) set up the family Catenulidae (named 
for the first genus, Catenula, in the group) which included the 
genus Stenostomum He pointed out in this paper that the 
original generic name, Stenostoma, should be discarded for 

1 Described as Anortka gractht by Leidy, 1851 

* Described as Catenula lemnae by Dugex, 1832 

' Described as Catenula quatemum by Schmarda, 1869 

4 Leydig, 1854 

* Graff, 1878 

* Described as Catenula bina by Schmarda, 1869 

* Vejdovsky, 1879 
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Stenostomum because of the likelihood of confusion of the 
former name with one used in 1810 in the Coleoptera. Graff 
carried the family Catenulidae into Bronn’s Klassen und 
Ordnungen des Tierreichs (1904-1908) 

Since the family Catenulidae was defined there has been 
httle tendency to place the genus Stenostomum in any other 
family Luther (1907) discussed the reasons for reorganiza¬ 
tion of the family Catenulidae. In the family Luther placed 
the following genera. Catenula, Lophorhynchus, Stenostomum 
and Rhynchoscolex. Luther incidentally included sufficient 
historical material on the genus Stenostomum to serve as an 
excellent background for a study of the genus from this view¬ 
point. Sekera (1924) discussed the taxonomic relationships of 
Catenula and Stenostomum within the family Catenulidae and 
Reismger (1924) sharply defined the sub-order Notandropora 
and discussed the history and systematic position of the 
Catenulidae 

Graff (1913) placed the genus in the family Catenulidae 
which he placed in the section Hysterophora and listed, with 
descriptions, 15 species of Stenostomum which he considered 
to be valid His species were as follows 1 S. leucops, S 
tenuicaudatum, 1 S caudatum, 1 S grande,* S gilvum,* S mtdden- 
dorffi »,* S coluber, S. unicolor, S. ignavum, S fasciatum, S. 
agile,* S. langi, 7 S. stufUmanm,* S. bicaudatum,* and S sieboldn. 
It will be noted that 4 of the species in Graff's 1882 list are 
missing from the 1913 list, namely: S lemnae, S guaternum, 
S. gracile and <S btnum. These species in 1913 fell either into 
the genus Catenula, as then defined, as species or into syn¬ 
onymy within it. 5. tomeenee and 5. neoboracense * were 
listed by Graff (1913) as synonyms for S. leucops and S. 

•Graff, 1911 

1 Merkow, 1904 

• Child, 1902 a 

• Bohmig, 1807 

1 Braun, 1885 

•Smumu, 1885 

• Keller, 1804 

• Kennel, 1880 

•Girard, 1898 
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turgidum 1 was removed to the genus Fuhrmanma S hysinx 2 
is earned by Graff (1013) in a group designated as “Catenuli- 
darum species dubiae” but according to Hofsten (1912) 
Keller agreed that his (Keller’s) S. hysinx was a young 
annelid. Beklemichev m 1920 added S . coluber to the 
synonymy of Rhynchoscolex. Certainly S. coluber appears to 
belong elsewhere than in the genus Stenostomum. Meixner 
(1924) quite rightly removed S mboldn from the Catenuhdae. 
Sekera (1903a) believed S ignavum to be a spnng adapted 
S. leucops and Hofsten (1912) questioned the validity of 
S. langi. S. langi seems to us however a valid species which 
was questioned by Hofsten because of the inaccurate desenp- 
tions of some details by Keller in 1894. Markow’s description 
of S. caudatum seems to us insufficient to establish a species 
on a sound basis. The same thing holds good for Bbhmig’s 
S gilvum and Bdhmig’s S stuhlmannn We have in this 
paper treated S. leucops and S. agile in a section devoted to 
species which are, to us, not very sharply defined. 

Our chief interest m the European species has been in con¬ 
nection with the establishment of the validity of the American 
species and not in any sense from a desire to clarify the species 
of Europe or elsewhere We would however like very much 
to see someone m Europe redesenbe the European species and 
set them in order 

Since 1913 there have appeared in the literature 20 new 
specific names 3 from Europe, 1 from China and 22 from the 
United States. From Europe Nasonov (1924) described 
S tauncum and S. hemisphaencum and Gieysztor (1931) 
described S. arevaloi which Nuttycombe (1932b) later er¬ 
roneously described as a new species, S. rhachiocaudatum, from 
the United States. Tseng-Jui Tu (1934) indecisively de¬ 
scribed S, tsingkuaenns from China. The 22 described 
species from the United States are discussed in the sections on 
valid and questionable species. 

Including the 4 new species described in (his paper there 
appear to be 22 sharply defined species in the United States. 

* Zachariu, ISOS. 

•KaHer, 1896. 
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In addition S agile, S incaudatum and possibly others, which 
we have included m our questionable groups, may be perfectly 
valid species badly in need of redescnption but wc have been 
unable to find specimens for study 

Taxonomic Position and Description of the Genus 

The latest extensive work of the Turbellana is that of 
Bresslau (1933) in Handbuch der Zoologie in which the genus 
8tcnostomum is placed m the family Catenulidae, sub-order 
Notandropora, order Rhabdocoelida. This position of the 
genus seems perfectly sound as the family Catenulidae is now 
defined 

Graff (1913) placed in the genus Stenostomum those 
Catenulidae in which the statocyst and preoral furrow are 
absent and which usually have paired ciliated pits and colorless 
light refracting bodies Since that time several species have 
been described which lack light refracting bodies 

The body is roughly cylindrical but is, as a rule, somewhat 
flattened vcntrally In most species the body tapers at both 
the anterior and posterior extremities The posterior end is 
generally the more pointed. There is frequently a more or less 
distinct head region. See Fig 1 for schematic optical sections 
of Stenoetomum. 

The epidermis is ciliated and in most species its cells bear 
in their distal ends rod-shaped rhabdites 

Typically the head bears on each side a ciliated pit which is 
embedded in, or very closely associated with, the anterior lobe 
of the cerebral ganglion on the respective side. The “brain " 
or cerebral ganglia (Fig. 2) is usually large and prominent and 
is composed of paired anterior and posterior lobes The an¬ 
terior lobes are in some species larger than the posterior lobes. 
The mesial margins of the anterior lobes are usually deeply 
dentate. The right and left ganglionic masses are connected 
by a substantial transverse commissure From each gangli¬ 
onic mass 2 nerves pass posteriorly. Light refracting bodies 
may or may not be associated with the cerebral gan glia. In 
some species there is a single pair of such bodies; m others 
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Fig 1 A Diagrammatic, optical view of SienotUmium from the dorsal side 
B I ateral view of name eg, cerebral ganglion, cp, ciliated pit, /p, developing" 
fismon plane, g 9 enteric “gland 0 cells, m t mouth, o, ovary, ph t pharynx, phg, 
pharyngeal glands, pn, protonephridium, pnp, protonephrjdiopore, rb, light 
refracting body, A teatis. 
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there may be more than one pair. The association between 
these bodies and the ganglia is variable in the genus but in 
most species they are associated with the posterior ganglionic 
lobes. 

The mouth is located mesio-ventrally near the anterior end 
of the zooid. It is equipped with a sphincter (and in some 
cases special musculature) and opens into a simple (generally), 
tubular pharynx the walls of which are usually well-muscled. 
In many cases the outer wall of the pharynx bears unicellular 
glands. There may be also an elaborate radial musculature 



Fw 2 Dorsal view of left half of brain of Sltnottomum tmwcavdatum 
at, anterior lobe, el, transverse oommiaure, In, lateral nerves, pi, posterior lobe, 
rh, light refracting body 

from the pharynx to the body wall. The pharynx opens 
posteriorly through a sphincter into the straight intestinal 
tube 

The pseudocoel between the outer body wall, brain, 
pharynx, intestine, and other body parts, is traversed by 
radial muscle fibers and contains free cells of various shapes 
and sixes. The interstices are filled with a colorless plnnmn. of 
undetermined consistency 

The protonephndium lies m the pseudocoel and is com¬ 
posed of two Btems. From the single posterior nephridiopore 
the larger tube passes anteriorly above the enteron and 
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pharynx (except in S. ventronephnum ) and then passes ven- 
trally beneath the transverse cerebral commissure. Just m 
front of the commissure it bends upon itself to form the smaller 
capillary tube which passes posteriorly along the same general 
path as that followed by the larger tube. Reisinger (1922) 
and Kepner and Yoe (1933) have considered the structural and 
functional differences between the larger and capillary tubes of 
the protonephndium 

Reproduction is usually asexual by transverse fission. 
Periodic sexual reproduction has been observed m several 
species. The male gonad occurs in the antero-dorsal part of 
the body; the ovaries in the pseudocoel near the middle of the 
zooid No ducts have been observed with the female gonad 

Method op Treatment of the Genus 

The literature reveals that 27 species have been described 
from America as new. As previously mentioned, Graff (1913) 
placed S neoboraceme m the synonymy of S leucops and surely 
Girard’s (1893) description would not justify considering S. 
neoboraceme as a valid species. Beklemischev (1920) removed 
S. coluber to the genus Rhynchoscolex. We have already in this 
paper removed S. rhachiocaudatum to the synonymy of S. 
arevalm and, as will appear later, we are placing S oesophagium 
in the synonymy of S. grande, S. camivorum m the synonymy 
of S virgimanum and 8. gigenum in the synonymy of S. 
tauncum. This leaves a total of 21 previously described 
American Bpecies for consideration. 

Some of the descriptions of these species are so imperfect 
as to leave grave doubt as to the validity of the species in¬ 
volved and in these cases we have found it difficult, if not 
impossible, to separate the valid from the questionable. 

Our treatment of the genus is a more or less arbitrary one 
but we believe it will clarify the present muddle. We have 
set up three groups to include all the species described from 
or collected in the United States. The first of these groups 
contains only those species ( S. bicaudatum, 8. grande, 8. 
tenuicaudatum, 8. uronephnum, S. mrgimanum, 8. aliatum, 
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8. membranosum, S. simplex, S. mandibulatum, S. brevipharyn- 
gium, S. saliens, S. glandulosum, S. predatorium, S. taurieum, 
S. arevalo%, S. ventronephnum, S pseudoacetabulum, 8. cryptope 
and the 4 new species, S kepnen, S tvberculosum, 8. anops and 
S pegephilum herein described) which we consider to be of 
unquestionable validity. The second group (S. agile, 8 
incauladum, S leucops) consists of species which we think are 
possibly valid but which should be redescribed We have not 
attempted this because of inability to obtain specimens which 
fit the inadequate descriptions given. In the third group we 
have placed those specific names (S. speciosum, S. glandijerum, 
8. Qiganteum ) which, to us, do not have sufficient meaning to 
justify serious consideration 

We have included in our key only those species in the first 
group. 

We have listed certain papers with each description and, 
except for S leucops, the lists include practically all the litera¬ 
ture except mere collection records The literature on the 
American species, except that on S. leucops (much of which 
should fall into the synonymy of <S. tenuicavdatum), is limited 
Our bibliographic files show references to S. leucops in well over 
100 papers but we have listed only the major descriptive 
papers on this species. 

Another problem which we have encountered is that of 
varieties. We have been culturing for several years 4 varieties 
of S. lenuicaudatum, and during the summer of 1936 we ob¬ 
served still another variety of this species at Mountain Lake, 
Virginia. These varieties show fairly constant minor differ¬ 
ences such as length of free tail region, shape of anterior end, 
etc , which we consider of less that specific value but which are 
sufficiently evident to enable us to distinguish the varieties 
from each other We do not believe these varieties would be 
easily distinguished by persons less familiar with the genus. 

We have, wherever possible, redescribed or amplified the 
descriptions of all species which we have been able to obtain. 
Our descriptions are based on the study of many specimens of 
the species involved. We have been able to maintain cultures 
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of some species for several years and these have shown no 
morphological changes m their artificial environment. A 
few species do not culture easily and the descriptions are based 
on numerous specimens from their natural environments 
Descriptions or identifications should not be attempted 
from a few specimens lest stress be placed upon some variable 
feature such as enteric vacuoles, color of the enteron or 
prominence of granular enteric cells. Huch features vary 
with the physiological state of the organism Gross size is 
another feature which shows a wide range of variability, for 
instance, the length of 5 tnrgimanum ranges from 0 2 mm to 
5 0 mm This range overlaps the ranges of practically all 
other species In short, there are many features which have 
very little valiie in specific diagnoses 

We have attempted to use in our key, and stress in our 
descriptions, those anatomical features which are least variable 
and thus are of most value as specific characters. In this 
category we may list such features as the position and nature 
of the light refracting bodies, the position of the protonephn- 
dioporc, the pharyngeal structure and certain glandular bodies 
of the epidermis 

It seems highly desirable at this point to discuss briefly 
the nature of some of the characteristics which we have used 
in our descriptions and key for the purpose of specific diag¬ 
noses. 

The light-refracting element itself (Fig 3) may be a 
granule, plate, rod or may be composed of several such units of 
the same type Typically a light-refracting body has asso¬ 
ciated with it a clear or finely granular vesicle which, m turn, is 
usually closely associated with a portion of the cerebral 
ganglia. In some cases where the association of the vesicle 
and the ganglion is not evident it may be assumed that a nerve 
tract passes from the vesicle to the ganglion although casual 
examination does not reveal such tracts 

The light-refracting bodies of different species differ as to 
type, number and position Von Qraff (1913) recognised 
three types of light-refracting bodies as follows: dish-shaped, 
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formed by many refractive spherules, shell-shaped, rounded 
vesicles with incompletely thickened refractive walls; and 
lens-hke, lens-shaped or saddle-shaped refractive bodies. We 
have found some slight irregularities in the refractive bodies 
of such forms as S. vtrgmtanum, S glandulosum, S. arevaloi, 
and 8. bicaudatum. Thus, m S. inrgmianum the refractive 
body may appear as a flattened triangular plate or may show 
such indentations as to present a tn-lobed appearance (Fig. 3, 
6 and c) Approximately similar conditions exist in S urone- 
phrium In 8. glandulosum, S arevaloi and S. bicaudatum the 
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Fro 3 Varieties of light refrwting bodies v, vesicle, rb, refracting unit, 
«, light refracting body of type 1 formed of many refractive spherules as m 
Stmostomum tenuicaudatum, b and r t light refracting bodies of type 2 as found in 
Stenostomum vtrginumum, c and d, light refracting bodies of type 2 as in JSlfno&- 
tomum wonephnum, e, light refracting body of type 2 as in Siermtomum ctiudum, 
ft light refracting body of type 2 as In Stenostomum glandulosum, g t light refracting 
body of type 2 as in Stenostomum cryptops 

number and positions of the refractive spherules vary some¬ 
what Iu S eryptops each posterior refractive body is com¬ 
posed of a single unit so shaped and applied to its vesicle as to 
give it the appearance of a shallow dish (Fig 3, g). The 
anterior body in this species is a spherule associated with a 
vesicle. According to Kepner and Carter (1931) 8. simplex 
exhibits a pair of light refracting bodies each of which is a 
simple granule unassociated with a vesicle. The following 
scheme of classification of light refracting bodies seems better 
adapted to the American species than the scheme of von Graff. 
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1. Bodies each of which is composed of more than 10 
granules or spherules so arranged over a part of the surface of 
the associated vesicle as to take the form of a shallow dish 
(Fig. 3, a). 

2 Bodies each of which is composed of 1 to 5 granules or 
spherules, plates or rods associated with a vesicle or, of a 
single-unit, dish-shaped body associated with a vesicle (Fig 3, 
b, c, d, e, /, g). This single-unit, dish-shaped body would cor¬ 
respond to Graff’s shell-shaped type with incompletely thick¬ 
ened wall 

3. Sipgie-granule bodies unassociatcd with a vesicle. 

In the first group would fall such refractive bodies as those 
of 8, grande and 8 tenmcaudatum, these bodies contain 20-50 
granules surrounding the end of the vesicle. 

In the second group would fall such bodies as those of 
S. arevaloi, 8. glandulosum, S mrginianum, 8 cihatum, 8, 
uronephnum, 8. cry plops, 8. btcaudatum , and S kepneri 

In the third group would fall such bodies as those of 
S. nmplex. 

According to von Graff our first type is the more prevalent 
type. This does not hold for the American Bpecies among 
which bodies of our second type are more common 

These light-refracting bodies are typically paired and vary 
in number from one to four pairs The position of the bodies 
with reference to the cerebral ganglia is variable in different 
species. The most prevalent condition is one m which a single 
pair of such bodies is associated with the posterior lobes of the 
cerebral ganglia. In 8. arevaloi there are two pairs above the 
anterior ganglionic lobes and one pair above the posterior 
ganglionic lobeB. In S. glandulosum the four pairs of refrac¬ 
tive bodies lie above the anterior lobes, in S. cryptops one pair 
is associated with the posterior lobes and one pair with the 
anterior lobes and in 8. bieaudatum the three pairs lie above, 
the anterior ganglionic lobes. 

Another feature of considerable diagnostic value is the 
pharynx. The pharyngeal wall may be muscular or membran¬ 
ous; it may be modified so as to present two or more fairly 
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definite regions, the pharynx may be completely surrounded 
externally by unicellular glands or the glands may be localized, 
the radial musculature of the pharynx may be very elaborate 
or relatively undeveloped, the pharynx may contain special, 



Pig 4 Diagrammatic dorsal and lateral optica! views of posterior end of 
Stcnmtomum showing, A t protonephridium opening in middle of enteron-free tail 
region, and B f terminal opening of the protonephridium m a type without appre¬ 
ciable enteron-frec tail region pn, protonephridium, pnp t opening of the pro- 
tonophndmm or protonephndlopore 

evertible tentacular structures. The oral opening may have 
no apparent skeletal elements or it may be equipped with a 
tubercle-likc or rod-like skeletal element on each side 



Kid 5 Types of ciliated pita A and B large anteriorly directed pits, C, 
email lateral pit on left and larger lateral pit on right cp, ciliated pit 

The position of the posterior nephndiopore is likewise a 
relatively constant character It may be located terminally 
or slightly subtermmally (Fig 4, B), or it may be placed more 
anteriorly between the end of the enteron and the posterior 
end of the body (Fig. 4, A). 
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The epidermal cells of most species contain more or less 
prominent rod-shaped rhabdites In S arevalm, S. ventrone- 
phrium, S anops, S. bicaudatum and S glandulomm the epi¬ 
dermis contains peculiar “gland” cells and in & predatonum 
there are large glands lying just beneath the general epidermis 
These special epidermal features are sharply diagnostic 

There are, of course, other features such as the shape, size 
and position of the ciliated pits (Fig 5) which are constant and 
which are consequently of value in specific diagnoses, but 
those briefly discussed above are more obvious and of more 
general application 

Key to Tins American Species of the Genus Stenostomum 

A Stenostomum with light refracting bodies 
H Light refracting bodies, a single pair 

C 1 ight refracting bodies composed of more 
than 10 granules or spherules 
D Ventral surface with longitudinal tracts 

free of large rhabdites grande (p 2U) 

DP Ventral surface without rhabdite-free 

tracts tenuieaudalum (p 2.35) 

CC Light refracting bodies composed of less than 
10 granules or spherules 
/> With appreciable free caudal region 
E Protonephndial opening terminal or 
slightly subterminal 

EE Protonephndial opening not termi¬ 
nal or slightly subterminal 
DD Without appreciable free caudal region 
E Protonophridial opening terminal or 
slightly subterminal 
F Cilia minute, light refracting bodies 
without vesicles 

FF General ciliary coat prominent, 
long cilia sparsely scattered 
over body, light refracting lad¬ 
ies with prominent vesicles 
EE Protonephridial opening not term¬ 
inal or slightly subterminal, open¬ 
ing typically beneath enteron 
BB Light refracting bodies, more than a single pair 
C With a single, dorsally directed, caudal out¬ 
growth 

CC With ventral and dorsal caudal outgrowths 
and with six avertible, tentacular fingers 
in the pharynx 

CCC> Without special caudal outgrowth 

D Four pairs of light refracting bodies lying 
above anterior ganglionic lobes 
DD Two pairs of light refracting bodies 


uronephrium (p 249) 
ciliatum (p 241) 

simpUx (p 239) 

mrgintanum (p 257) 

kepnm (p 264) 

arevalm (p 251) 

bicaudatum (p 228) 

Olandutoaum (p 243) 
cryptopM (p 262) 
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AA SlenosUmutn without light refracting bodies 
B Without giasard-hke unit in enteron 
C Protonephridial tube dorsal to enteron 
D Without dorsally directed, caudal out¬ 
growth 

E Without large glandular bodies be¬ 
neath epidermis 

F Epidermis without very long, prom¬ 
inent, stiff cilia 

0 Ciliated pits small, lateral, 

hemispherical bretnpharyngtum (p 238) 

QG Ciliated pits large, anteriorly 
directed 

H Pharynx parchment-like or 
membranous 

HH Pharynx not parchment¬ 
like or membranous, 
with tubercle-like body 
on each side of mouth 
GW Ciliated pits medium or 
large, not anteriorly di¬ 
rected 

// With epidermal “rosette" 
bodies 

HH Without epidermal “ro¬ 
sette” bodies 

FF Epidermis bearing very long, 
prominent, stiff cilia 
Q With short, distinct tubercle 
from ventral margin of an¬ 
terior tip 

GO Without tutanle associated 
with anterior tip 

EE With large, glandular bodies beneath 
epidermis 

DD With dorsally directed caudal out¬ 
growth ptuedoucetabulum (p 260) 

CC Protonephridial tube posterior to pharynx 

ventral to enteron . ♦ wntranephnum (p 254) 

BU With gissard-hko unit in enteron favrtcum (p 237) 

Descriptions or Species 1 
Species of Unqitestionable Validity 
S . bicaudatum Kennel (Pl. VII, Fig. 2) 

Kennel, 1889, Martin, 1908. 

This species was described by Kennel (1889) from Trini¬ 
dad. Martin (1908) described it under the name Weldmxa 

1 Type specimens are located m the collections at the University of Virginia 
and at the University of Georgia At the University of Virginia S cUiatum, 
S membranoeuw, S simplex, 8 maruhhulalwn, S brmpkaryngtutn, 8 tokens, 


membranotum (p 240) 

mandibulalum (p 242) 

anaps (p 266) 
pegephtlum (p 269) 

tuberculosum (p 267) 
softens (p 245) 
predatortum (p 246) 
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paraguayenats from South America but Luther (1908) shortly 
pointed out that the latter name should be relegated to 
synonymy. 

We collected this species in large numbers about ten miles 
south of Valdosta, Georgia in roadside ditches. It has not 
been described before from North America. 

Kennel’s description is none too accurate but leaves no 
doubt as to the species with which he was dealing. We are 
completely redescnbing the species without reference to the 
many corrections and additions we have made. 

The maximum observed length for a specimen of 9 zooids 
was 7 mm. The body is heavy and thick but tapers sharply 
near the posterior end Single zooids when contracted are 
almost spherical There is a slight dorsal flattening. The 
posterior end bears two caudal outgrowths—the dorsal out¬ 
growth is thicker and shorter, the ventral outgrowth dehcate 
and long and is dragged after the animal. The ventral out¬ 
growth is well-muscled and may be contracted considerably 

The epidermis, like the rest of the body, is faintly browmsh. 
The enteron is dark and stands out prominently. 

The general ciliary coat, composed of cilia of a length 
slightly greater than the epidermal thickness, is uniform except 
over the anterior end where it seems shorter and in the two 
narrow rhabdite-free tracts where the cilia are very fine and 
very active 

The short, rod-shaped rhabdites are confined to the distal 
ends of the epidermal cells Rhabdites are uniformly dis¬ 
tributed over the surface of the body except for a narrow 
rhabdite-free tract on each side of the mid-dorsal line. These 
tracts extend from the anterior end and converge at the tip of 
the dorsal outgrowth. Distributed over the body in the 
epidermis are special epidermal bodies like those of S. arewUoi 
These bodies are not found in the mid-dorsal band bordered 
by the outer margins of the rhabdite-free tracts. 

» 

8 tavncum (as & gtgerium), 8 grande (as S oewphagium), 8 glandukstm, 8 
prtdatariwn. At the University of Georgia 8 bttaudeUum, 8 tenuunudatwn, 

8 rirgimanvmyS pentmmpkriw S uronephrium, 8 orevaU*i f 8 punidoacetabuium, 

8 crypi&pttt s tepnm, 8 pegepkdutn, 8 tobercutoaum, 8 etmp$ 
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The cephalic ganglia conform to the generic pattern 

The light refracting bodies are 3 pairs and in general are 
like those of S arevaloi The anterior pair is generally com¬ 
posed each of a single spherule—the second pair close behind 
these, is also each composed of a single spherule. The poster¬ 
ior pair (each of 2 or 3, rarely 4 spherules) is considerably 
separated from the two anterior pairs and is more lateral in 
position Each of the 3 pairs of refractive bodies has asso¬ 
ciated with it a clear vesicle They all lie above the anterior 
ganglionic lobes 

The ciliated pits are large and deep and lateral in position. 

The mouth is medioventral in position and is a longitudinal 
slit at the level of the posterior margins of the ciliated pits. 

The pharynx is an extremely long tube when the animal is 
extended Its intrinsic musculature is well developed We 
have seen no cilia in its lumen The radial musculature of the 
pharynx is extremely elaborate especially on the dorsal side 
The distal ends of the fibers are inserted well anteriorly 
(especially those of the antcro-dorsal end of the pharynx) A 
peculiar feature of the pharynx is an organ (called by Kennel 
a “grasping organ”) bearing six finger-like, or tentacle-hke, 
structures on its anterior face The posterior end of the organ 
appears to be in the shape of two half-spheres (or a sphere with 
a groove) each of which bears on its anterior face three ten¬ 
tacular structures The rounded base of this organ seems to 
be attached to the dorsal wall of the pharynx and when the 
pharynx is contracted the tentacles are spread as they are 
pushed from the mouth The spherical posterior face of this 
organ is covered by long-necked, unicellular glands. In¬ 
ternally each tentacle appears to be composed of a senes of 
spherical cells Kennel (1889) suggested that these tentacles 
serve in the capture of food but we have not observed their use 
for thus purpose, though it seems Kennel’s conclusion is 
probably justified. The wall of the pharynx is apparently 
without glands. 

The enteron extends posteriorly to the base of the ventral 
outgrowth. There are few gland cells in the enteric wall and 
these are not at all prominent 
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The cells of the pseudocoel are of various sizes and for the 
most part are highly refractive 

The prominent protonephridium follows the usual path 
and opens dorsally at the base of or near the middle of the 
dorsal outgrowth. In most specimens granular secretions 
may be seen within the lumen of the tube level with the 
pharynx 

We have been unable to culture this species satisfactorily 
Specific diagnosis 3 pairs of light refracting bodies, 2 
caudal outgrowths, an evertible structure bearing 0 tentacles 
associated with the pharynx, 2 rhabdite-frpe tracts on the 
dorsal surface. 


8 grande Child (PI V, Fig 1) 

Child, 1902a, 1903, Graff, 1911, 1913, Van Cleave, 1929, 
Kepner and Carter, 1931, Carter, 1933, Kepner, Carter and 
Hess, 1933, Kepner and Yoe, 1933, Nuttycombe and Waters, 
1935c. 

This species appears to be rather widely distributed Ac¬ 
cording to the literature it has been collected in New York, 
Massachusetts, Illinois and Pennsylvania We have collected 
it m Virginia but have not been able to find it in North 
Carolina or Georgia Nasanov (1925) and Stemboeh (1932) 
have recorded this species from Russia 

Stenoslomwn grande was first described by Child (1902a) 
It has since been described by Kepner and Carter (1931) as 
S oesophagium. Kepner and Carter (1931) state that the 
“oesophageal region” of the pharynx is constant in S oesoph¬ 
agium , whereas, it is a variable region in S grande, further 
S. oesophagium is always sexually mature (testes always 
present), whereas, £ grande becomes sexually mature during 
the autumn. Kepner, Carter and Hess (1933) later found 
sexuality did not occur m nature in S oesophagium in the 
early autumn. 

Our reasons for rejecting S oesophagium as a valid species 
are as follows: We have maintained cultures of S. oesophagium, 
always sexually mature as males, for 4 years and have ex¬ 
amined them repeatedly to determine whether or not the 
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“oesophageal region” is a constant definite region. In old 
specimens we have frequently found this region thrown into 
folds such as Child described for this part of the pharynx of his 
S grande. We have also studied carefully a species collected 
at Mountain Lake, Virginia, identified as S. grande , which did 
not show gonads We perceive no constant appreciable dif¬ 
ferences between this S. grande and S. oeeophagium with 
reference to the “oesophageal region” or to any other feature. 
Further, we believe as has already been pointed out by 
Sekera (1903b), Nuttycombe (1931) and Kepner, Carter and 
Hess (1933), environmental conditions to be a major factor in 
sexuality in Stenostomum and we see no reason for assigmng 
specific differences to the presence or absence of gonads at 
any particular time if these gonads do not differ structurally 
when they do appear. As a point of interest, it may be noted 
that the S. oesophagium cultured for several years by Kepner, 
Carter and Hess, periodically became sexually mature as 
females and ours, sub-cultured from their clone, under another 
set of culture conditions have never become sexually mature 
as females All factors considered, we believe that the dif¬ 
ference between S grande and S. oesophagium are not sufficient 
to be of specific caliber. We are therefore rejecting S oeeoph- 
agium as a valid species. A description of S. grande follows* 

Healthy individuals of one sooid measure about 1.9 mm. 
The length of single-zooid specimens is highly variable because 
of the fact that a newly formed individual from an anterior 
sooid may have a very short, free tail region, whereas, such 
an animal formed from a posterior sooid will have a long, free 
tail region. Single sooid individuals are rarely encountered 
in healthy cultures. Our longest sooid-chams measure as 
much as 6 0 mm in length. 

In reflected light the animal is white except for Hie enteric 
region which in well-fed specimens may be orange. In trans¬ 
mitted light the epidermis is faintly yellowish or brownish, 
the pseudocoel translucent, the pharynx brownish and the 
enteron, dependent upon its food content, orange to brown 
with a generally granular appearance. 
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From above tbe body has the appearance of a cylinder 
tapered at both ends In front of the mouth the body tapers 
rather abruptly. Posteriorly tapering begins somewhat an¬ 
terior to the caudal end of the enteron and proceeds posteriorly 
to the narrow, free tail region This free tail region is some¬ 
times equal to 1/4 the body length The posterior half of the 
ventral body wall is flattened or even concave. This part of 
the ventral surface is highly adhesive. 

The general ciliary coat is uniform—the length of these 
cilia is about the same as the epidermal thickness. Long, 
semi-rigid cilia, 2 or 3 times as long as those of the general 
ciliary coat, are sparsely distributed over the body 

The numerous, large, rod-shaped, epidermal rhabdites are 
disposed perpendicularly or at a slight angle. They may occur 
singly or in groups. In the slightly contracted state of the 
epidermis the rhabdite groups become cone-shaped with the 
apex of the mass inward In the dorsal and lateral regions the 
distribution of the rhabdites is fairly uniform but on the 
ventral surface there are three longitudinal tracts free of large 
rhabdites—a wide median tract, extending from the mouth 
posteriorly and a narrow tract on each side of this wide median 
tract. 

The ciliated pits are lateral, extremely large and elastic and 
somewhat wider at their posterior margins. 

The nervous system conforms well to the pattern for the 
genus. 

There is a single pair of light-refracting bodies Each 
body is dish-shaped, composed of many refractive granules or 
spherules borne on the posterior face of a vesicle closely asso¬ 
ciated with the posterior ganglionic mass on its respective 
side. The nervous system and refractive bodies are very 
similar to thoBe of S, tenmcaudatum. 

The mouth ib extremely large and its most characteristic 
shape, at rest, is roughly rectangular. The “ lips ” are mobile* 
and are capable of such enormous stretching that the oral 
opening may be extended until it considerably exceeds the 
usual diameter of the body. 



234 JOHN W NUTTYCOMBE AND AUBREY J WATERS 


The muscular pharynx is long and the posterior portion 
shows various degrees of folding ThiH is the oesophageal 
region and there is generally an appreciable constriction 
between it and the anterior pharyngeal region. The anterior 
poition is covered externally by unicellular glands—the pos¬ 
terior region is free of glands Histologically the posterior 
region shows a much thinner wall and its epithelium has a 
much lighter ciliary coat than that of the anterior region 
(Nultycombe and Waters 1935c) 

Most of the cells of the enteric epithelium are finely 
granular and show refractive droplets of various sizes Clear 
vacuoles are very prominent in starved specimens In addi¬ 
tion to these enteric cells are found fairly numerous cells 
(“gland” cells) which show masses of larger refractive gran¬ 
ules The internal margins of the enteric cells are finely 
ciliated. 

The pseudocoel contains a variety of cells as to size, shape 
and color. The cells of the pseudocoel in the antenor and 
posterior regions of the body stand out sharply 

The radial musculature of the pharyngeal region is fanly 
well-developed but does not approach the strength of the coi- 
responding musculature in <S inrginianum, S predatorium or 
<S. bmmdatum. The radial musculature in other parts of the 
animal is relatively well-developed. 

The prominent protonephndial tube passes from beneath 
the transverse commissure posteriorly over the pharynx and 
enteron by an undulatory path The ventral nephndiopore 
varies m its location from about half-way between the end of 
the enteron and the end of the pseudocoel to almost the pos¬ 
terior tip of the pseudocoel Its usual point of exit is near 
the middle of the free caudal region 

When the male gonad is present it appears as a rather large, 
lobulated structure located above the antenor pharyngeal 
region 

This species feeds primarily upon large masses of material 
such as bactenal glea or sediment containing small plants 
(algae, etc ) and small animals (protozoa, rotifers, etc). It 
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cultures easily in'whcat-grain infusion but its reproduction is 
rather slow. 

Specific diagnosis 1 pair dish-shaped, light-refracting 
bodies each composed of many (more than 20) spherules, 
protonephndiopore near middle of caudal triangle, pharyngeal 
glands restricted to anterior part of pharynx, 3 tracts on the 
ventral surface posterior to the mouth free of large rhabdites 

S tenuicaudatum v Graff (PI IV, Fig 1) 

Graff, 1911, 1913, Kepner and Cash, 1915, Van Cleave, 
1929, Nuttyeombe 1932a, Van Cleave, 1929, 1934 

This species is probably the most widely distributed species 
of the genus m the United States. It has been reported from 
the whole Atlantic seaboard and the Midwest We have 
found it very prevalent in the 5 Southern States (Virginia, 
North Carolina, South Carolina, Tennessee, and Georgia) m 
which we have collected Nasonov (1926) and Beklemisehev 
(1917) reported it from Russia It is also probably the easiest 
of all species to culture in wheat grain infusion 

Our type variety of this species has a maximum observed 
length of 5 0 mm for a chain of 8 zooids The usual number 
of zooids is 3 to 5 with a length of 1 5 to 2 5 mm. Single 
underfed zooids may measure as little as 0 3 mm 

The body is roughly cylindrical but is somewhat flattened 
ventrally The anterior end is bluntly rounded, the posterior 
end tapers gradually from near the posterior end of the en- 
teron to the somewhat pointed caudal tip. The enteron-free 
caudal region varies in length but is always considerable if the 
specimen is not newly formed from an anterior zooid. This 
caudal region is highly adhesive on the ventral side. 

In reflected light the color is milky white except for the 
enteron which may appear somewhat dark In transmitted 
light the entenc region is yellowish to dark brown and the 
rest of the body is translucent to brownish 

The general epidermal ciliary coat is fine and heavy—the 
cilia are approximately as long as the epidermal thickness 
Occasional long, fine, semi-rigid cilia are scattered over the 
body. 
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The rhabdites of the epidermal cells are rod-shaped, dis¬ 
posed perpendicularly to the epidermis and may occur singly 
or in packets. 

The ciliated pits are large, dorso-latcral in position and 
wider at their posterior margins 

The nervous system conforms to the pattern of the genuB 

There is a single pair of dish-shaped light-refracting bodies, 
each of which is composed of 20-50 granules or spherules 
covering the posterior face of a vesicle closely associated with 
an outgrowth from the posterior ganglionic lobe on its re¬ 
spective side 

The mouth at rest is crescent-shaped Its “lips” are 
fairly mobile 

The pharynx is rather short and broad The pharyngeal 
wall contains large bands of longitudinal fibers which are very 
prominent at the points of convergence around the mouth. 
Circular fibers are not so prominent The outer pharyngeal 
wall is covered almost to its posterior end by large unicellular 
glands The pharyngeal lining is ciliated. The pharyngo- 
enterie sphincter is located somewhat below the center of the 
anterior enteric wall 

The enteric tube conforms to the body shape in the region 
in which it lies It ends rather bluntly rounded, somewhat 
anterior to the posterior part of the pseudocoel leaving an 
enteron-free caudal region. This caudal region in one variety 
of the species is seldom more than 1/8 the total body length, 
whereas, in the others this region is characteristically about 
1/3 the entire body length. The enteric lining is ciliated. 
The cells of the enteric epithelium contain many small 
granules and vacuoles Occasional cells which contain masses 
of transparent refractive granules (usually much larger than 
the scattered granules of the other enteric cells) stand out very 
prominently except when the enteric contents are dark. The 
cells containing these granular masses are called, in most de¬ 
scriptions, “gland cells” but we have not been able to find 
any demonstration of their function. The number of granules 
in such a mass is variable. 
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The general parenchyma contains cells of various sizes and 
shapes. Many of the larger cells are finely granular. 

The radial musculature is quite evident in the pharyngeal 
and caudal regions but is less prominent m the enterio region 
The protonephridial tube passes posteriorly from beneath 
the transverse brain commissure dorsally over the pharynx 
and enteron Posterior to the end of the enteron it is gener¬ 
ally thrown into several loose coils and finally opens ventrally 
about (or a little anterior) half-way between the posterior 
enteric tip and the end of the pseudocoel 

Reproduction is asexual as a rule In nature, sexually 
mature females have been collected several timeB in the fall 
(October and November) We have a clone which has been 
cultured continuously for eleven years but no sexually mature 
individuals have ever appeared in it. 

Specific diagnosis: 1 pair dish-shaped, light-refracting 
bodies each composed of many (more than 20) spherules, 
protonephridiopore near the middle of a definite enteron-frec 
caudal region, pharynx almost covered by large unicellular 
glands, rhabdites uniformly distributed on the ventral surface 

S tauricum Nasonov (PI II, Fig 1) 

Nasonov, 1924; Kepner and Carter, 1931. 

Nasonov (1924) described this species from Crimea; 
Kepner and Carter (1931) described it from the vicinity of the 
University of Virginia under the name S. gigerium and we have 
collected it in large numbers near Valdosta and Athens, 
Georgia. 

The description which follows is that of Kepner and 
Carter. “Specimens usually show well advanced fission 
planes. Such specimens measure about 1 mm in length. 
The slender body is spindle-shaped, its greatest width being 
at the level of the posterior end of its anterior third. The 
body bears a dense uniform coat of small cilia. The oval 
ciliated pits are dorso-laterally placed. There are no light- 
refracting bodies. The anterior lobes of the cephalic ganglia 
are relatively long. The commissure of the cephalic ganglia 
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lies dorsal to the anterior margin of the mouth The relatively 
large posterior lobes of the cephalic ganglia extend posteriorly 
by the sides of the pharynx The mouth is short and some¬ 
what fan-shaped The short pharynx is conical. Theenteron 
extends back almost to the posterior end of the body. The 
anterior region of the enteron is interrupted by the develop¬ 
ment of a gizzard It is the presence of this organ that has 
suggested the name for the species The slender protone- 
phndmm opens ventrally somewhat nearer the posterior end 
of the enteron than the tip of the caudal region Many of 
these animals have been maintained for over a week in a 
wheat infusion that supported many protozoa. Specimens 
for m toto mounts have been well fixed in Zenker’s fluid ” 

This species cultures readily in wheat gram infusions 
Most of the specimens which we collected showed euglenoid 
organisms in the pseudocoel 

Specific diagnosis Light-refracting bodies absent, proto- 
nephndiopore not terminal or subterminal, pharynx short and 
conical, anterior end of enteron equipped with a gizzard 

S brevipharyngium Kepner and Carter (PI II, Fig 2) 

Kepner and Carter, 1931, Tseng-Jui Tu, 1934. 

The description which follows is that of Kepner and Carter 
(1931). We have not encountered this species in our col¬ 
lecting. 

“Specimens studied were collected from the mud in the 
overflow from Edgemont Dairy water-basin on the south side 
of the Observatory Mountain, July 10, 1929." The Ob¬ 
servatory Mountain referred to is about two miles southwest 
of the University of Virginia. Tseng-Jui Tu (1934) records 
this species from China. 

“The many specimens that appeared in our aquanum 
after the latter had stood in laboratory for five days, all 
showed at least one fission plane A specimen, with a single 
obvious fission plane, measures about 0 6 mm. The body is 
spindle-shaped tapering less abruptly posteriorly than an¬ 
teriorly. Epidermal cilia are short and uniform in size and 
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distribution. Ciliated pits are minute and hemispherical 
There are no light-refracting bodies The slender, relatively 
long mouth is longitudinally disposed This mouth is guarded 
by lateral lips that present, in the living specimen, definite 
contours Within each lip there lies a skeletal-like rod which 
has a texture similar to that of chitin Chitinous material, 
however, could not be demonstrated The pharynx extends 
but a little distance beyond the posterior margin of the mouth 
The enteron is continuous posteriorly almost to the end of the 
body The contents of the enteron are finely gianular, sug¬ 
gesting that this species feeds upon bacteria and naked pro¬ 
tozoa. The mesenchyme appears refractive by transmitted 
light. Little can be made out of the details of the living 
mesenchyme ” 

Specific diagnosis Light-refracting bodies are absent, 
protonephridiopore ventral and subterminal, pharynx ex¬ 
tremely short, each lateral lip of mouth with a skeletal rod, 
ciliated pits minute and hemispherical 

S simplex Kepncr and Carter (PI II, Fig 3) 

Kepner and Carter, 1931. 

The description which follows is that of Kepner and Carter 
(1931) They collected this species in the vicinity of the 
University of Virginia. We have not encountered this 
species m our collecting 

“ Specimens have not been found that did not possess two 
or more advanced fission planes. One with throe fairly con¬ 
spicuous fission planes measures about 1 mm in length The 
cylindrical body tapers gradually posteriorly and rather 
abruptly at the anterior end so as to be somewhat cigar¬ 
shaped Epidermal cilia minute Ciliated pits very small 
Associated with each posterior lobe of the cephalic ganglia is 
a simple granule or light refracting body This body measures 
about 2 p in diameter It does not have an attending vepiclc 
These simple refractive elements lie opposite the anterior 
margin of the mouth These simple bodies have suggested 
the specific name. In total mounts, the transverse com- 
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missure of the cephalic ganglia appears almost spherical, the 
anterior face being somewhat more convex than the posterior 
one. The short, but elongated mouth is disposed parallel to 
the axis of the body The pharynx is not conspicuously 
glandular. The enteron extends to near the posterior limit 
of the body. The protonephndium is slender and opens at 
the posterior end This species frequently appears in dense 
aquarium infusions some days after the material has been col¬ 
lected Specimens were well fixed, for in toto mounts, in 
Zenker’s fluid ” 

Specific diagnosis' 1 pair of hght-refractmg bodies each 
composed of a simple granule, protonephndiopore terminal, 
pharynx not conspicuously glandular; epidermal cilia minute, 
ciliated pits very small, no appreciable enteron-free caudal 
region. 

♦ 

S metnbranosum Kepner and Carter (PI. I, Fig. 2) 

Kepner and Carter, 1931. 

The description which follows is that of Kepner and Carter 
(1931). We have not encountered this species in our col¬ 
lecting. 

“On October 16, 1929, material from the swampy soil 
below the spring near top of Mountain Elliot, Augusta County, 
Va., was placed in an aquarium. The next day many speci¬ 
mens of thiB species appeared beneath the surface of this 
aquarium Specimens were very well fixed, for in toto 
mounts, in Zenker’s fluid. 

“Specimens, lacking obvious fission planes, measure about 
0 5 mm in length. Body spindle-shaped, colorless. Rhab- 
dites absent. Epidermal cilia minute. Cilia of ciliated {fits 
conspicuously long. No light refracting bodies. Anterior 
lobes of cephalic ganglia much larger than the posterior ones 
as shown by permanently mounted specimens. Mouth, in 
free swimming specimen, elongated. Pharynx parchment-like 
or membranous m appearance This feature has suggested 
the specific name. A conspicuous muscular labial sphincter 
appears m our permanent in toto mounts. Enteron extends 
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almost to posterior end of body. Protonephridium is very 
slender, opening at posterior end of body. Only chains of 
two zooids have been observed.” 

Specific diagnosis' Light-refracting bodies absent; proto- 
nephridiopore terminal; pharynx parchment-hke or mem¬ 
branous m appearance, rhabdites apparently absent, promi¬ 
nent cilia associated with ciliated pits. 

S. ciliatum Kepner and Carter (PI. VIII, Pig 1) 

Kepner and Carter, 1931. 

The description which follows is that of Kepner and Carter 
(1931) They collected this species in the vicinity of the 
University of Virginia We have not encountered this species 
in our collecting. 

“ Specimens, without obvious fission planes, measure 1 
mm. or less. The body is stoutly spindle-shaped tapering 
posteriorly mto a rather slender caudal region. Epidermal 
aha small and uniformly distributed Ciliated pits relatively 
small Associated with each posterior lobe of the cephalic 
ganglia is a colorless vesicle that contains on its posterior floor 
one, two or three more or less rod-shaped light refracting 
bodies. The narrow mouth is transversely disposed The 
pharynx is wide; has a thin wall and a relatively large lumen 
Within this lumen numerous long cilia undulate. These large 
pharyngeal cilia have suggested the specific name. The en- 
teron extends posteriorly to the base of the tattering caudal 
region of the body This form is much given to ingesting 
muck. The slender protonephridium opens externally on the 
ventral surface a short distance posterior to the fundus of the 
enteron. A culture was established with four wild specimens 
on March 16, 1929. On May 1, 1929, all of the many steno- 
stoma, that were examined from this culture, resembled the 
four original ones. Specimens were well fixed, for in,.toto 
mounts, in Zenker’s fluid. Specimens thus fixed laid down 
about themselves a mucus-like deposit such as S. tenuicauda 
deposits about itself under adverse conditions.” 
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Specific diagnosis 1 pair light-refracting bodies each com¬ 
posed of 1, 2, or 3 flattened granules, protonephndiopore not 
terminal, wide, thin-walled pharynx with heavily ciliated 
inner epithelium, fairly extensive enteron-free caudal region. 

S mandibulatum Kepner and Carter (PI VIII, Fig. 2) 

Kepner and Carter, 1931 

The description which follows is that of Kepner and Carter 
(1931). They collected the species in the vicinity of the 
University of Virginia We have not encountered this species 
in our collecting 

“Individuals without obvious fission planes measure 
about 0 33 mm in length. The width of the body is rela¬ 
tively somewhat greater than that of other species The 
epidermal cilia are relatively long and are uniformly dis¬ 
tributed The anterior end of the body is abruptly tapered 
Upon the oblique anterior margins of the body he the ciliated 
pits The ciliated pits in this form are more anteriorly 
directed than in other forms There are no light refracting 
bodies The mouth is V-shaped Each arm of the V-shaped 
hp has a refractive tubercle-like body near its anterior end 
and the diverging lips opened and closed in a manner that 
suggested that the tubercle-like bodies might have been 
chitinous mandibles Chitin tests, however, showed no such 
material present. The mandible-like motion of the lips 
suggested the species name The enteron extends posteriorly 
to near the end of the body Only chains of two zooids have 
been observed This species made its appearance m great 
numbers m an old, but not foul, infusion, September 9, 1929. 
tireat numbers of them, sexually mature as females, continued 
to live in this aquarium throughout September. The ovary 
m this species is relatively large. Specimens were fixed well, 
for in toto mounts, in Zenker’s fluid.” 

Specific diagnosis: Light-refracting bodies absent; each 
side of V-shaped mouth with refractive tubercle-hke body 
near its anterior end, ciliated pits large and anteriorly directed. 
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<S. glandulomm Kepner and Carter (PI. Ill, Fig 1) 
Kepner and Carter, 1031 

This species is apparently rather widely distributed We 
have collected it from Virginia, North Carolina and Georgia. 

The body in specimens of several zooids appears thread¬ 
like so great is the length in comparison with the diameter 
Even in an individual showing one or two fission planes the 
ratio of length to diameter is about 1 to 20 According to 
Kepner and Carter this species reaches a maximum length of 
12 mm and may show as many as 16 zooids. 

The body is roughly cylindrical The anterior end, in 
front of the mouth, is highly mobile and is continually chang¬ 
ing shape, extending and retracting At rest the anterior end 
is bluntly rounded The caudal region tapers gradually and 
ends bluntly rounded or truncated 

The color m reflected light is milky white. In trans¬ 
mitted light the epidermis is translucent and shows many, 
nearly colorless, refractive masses ("rosette cells"), the 
enteric region is translucent or grayish and finely granular 
The enteric wall may show occasional cells bearing masses of 
refractive granules and occasional clear vacuoles The region 
anterior to the enteron is faintly brownish 

The general cihary coat is uniform, the cilia are approxi¬ 
mately as long as the epidermal thickness 

Kepner and Carter (1931) state that this species lacks rod¬ 
shaped rhabdites in the epidermis We have observed fairly 
numerous, small rhabdites in the head region and have found 
extremely tiny rhabdites scattered over the rest of the body 
As observed by Kepner and Carter the epidermis contains 
"rosette-shaped gland cells ” Each rosette is composed of 1, 
2, 3, or 4 large, clear, refractive vesicles Kepner and Carter 
found that products from the rosettes had a lethal effect upon 
the animal’s prey These rosettes are relatively scarce in the 
region anterior to the level of the transverse cerebral com¬ 
missure. 

Kepner and Carter described paired ventral, lateral and 
dorsal ciliated pits. The ventral and lateral pits are large and 
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prominent but we have not identified the dorsal pits m living 
specimens unless they be two ciliated grooves on each side of 
the mid-dorsal line. 

The nervous system conforms to the general pattern for the 
genus. The anterior lobes of the brain are unusually long. 

There are no light-refracting bodies associated with the 
posterior, cerebral lobes but there are, dorsal to the anterior 
lobes, refractive granules which are generally so arranged that 
the units above the left, anterior cerebral lobe are paired with 
corresponding units on the right side Kepner and Carter 
reported 4 such pairs of granules Whereas, the Bpacmg is 
usually regular between the bodies, we have found consider¬ 
able irregularity in the number and exact position of these 
refractive bodies and we have further found that the individual 
“bodies'’ may be composed of 2 granules or spherules.* 

The mesio-ventrally placed mouth is, when at rest, roughly 
crescent-shaped—the powerfully-muscled oral margin is highly 
mobile and various shapes occur 

The pharyngeal wall fe highly muscular. The posterior, 
outer surface of the pharynx is covered by long-necked gland 
cells the stems of which apparently open into the anterior 
part of the pharynx The pharyngeal epithehum is heavily 
ciliated 

The outer margin of the enteric tube is, in optical section, 
somewhat dentate The enteric cells are usually heavily 
laden with diffusely scattered granules and vacuoles of various 
sizes Occasional 11 ‘ gland cells ’ ’ containing masses of granules 
occur. The enteric lining is finely ciliated. The enteron 
extends posteriorly almost to the end of the peeudocoel. 

The body wall is unusually well-muscled and is subject to 
frequent waves of contraction. 

There are very few free-cells in the pseudocoel in the 
enteric region but a few very large free-cells may generally be 
seen in the anterior portion of the pseudocoel. The radial 
musculature stretching from the body wall to various internal 
parts is not very well developed. 



AMERICAN SPECIES OF GENUS 8TENOSTOMUM 245 


The prominent protonephndial tube passes from beneath 
the transverse commissure posteriorly by a tortuous path 
above the pharynx and enteron Its pore is terminal or sub- 
terminal. 

Kepner and Carter state that members of this species are 
scavengers, are sometimes predatory and will not live in the 
presence of an abundance of algae We have cultured this 
species with very considerable difficulty in wheat-gram in¬ 
fusions of protozoa but have reared it with great ease when 
fed on the small variety of S virgimanum. 

Specific diagnosis 4 pairs (typically) of light-refracting 
bodies associated with the anterior lobes of the cerebral 
ganglia, protonephridiopore terminal, more than 1 pair 
ciliated pits, “rosette” bodies in epidermis. 

S sakens Kepner and Carter (PI. V, Fig 2) 

Kepner and Carter, 1931. 

The following description of S. saliens is drawn largely 
from that of Kepner and Carter (1931) We have added a 
few descriptive notes from our studies of several specimens of 
this species collected at Athens, Georgia and Mt. Lake, Vir¬ 
ginia. Kepner and Carter collected this species at the 
University of Virginia. 

Specimens without obvious fission planes measure about 
0.62 mm. in length The body is spindle-shaped, its greatest 
width is in the vicinity of the pharynx and mouth. Hie 
ventral surface is considerably flattened. 

The general ciliary coat is uniform and dense The length 
of these cilia is somewhat greater than the epidermal thick¬ 
ness. Sparsely distributed over the body are prominent, 
slender, stiff, very long cilia. These apparently enable the 
animal to “leap” suddenly Kepner and Carter (1931) ob¬ 
served Buplotes collide with the anterior end of S. sahms fol¬ 
lowing which the latter would leap after and catch the hypo- 
tnch. “ It is its ability to leap that has suggested the specific 
name for this animal.” 
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There are no epidermal rhabdites of the conventional rod¬ 
shaped type but the cells contain isolated granules or globules 
of considerable size These do not appear to be rhabditic in 
character. 

The “brain” is much like that of S cryptops. 

The ciliated pits are small and hemispherical. 

There are no light-refracting bodies 

The mouth is elongated and has definitely delimited an¬ 
terior, posterior and lateral “lips ” The anterior “lip” is less 
muscular and less mobile Heavy muscle bands are very 
evident in the lateral and posterior “lips ” The lateral “lips” 
are incessantly opening laterally and closing, much as might 
the mandibles of an arthropod. Only a very small portion of 
the pharynx lies posterior to the posterior “lip ” There are 
no obvious pharyngeal glands 

The enteron extends to near the posterior end of the body 
The general enteric epithelium is coarsely granular There 
may also be seen in this epithelium a few “gland cells” con¬ 
taining compact masses of larger granules The free ends of 
the enteric cells are ciliated. 

The protonephndiopore is located ventrally and subter- 
minally. 

This species cultures easily in wheat-grain infusions of 
small protozoa. 

Specific diagnosis Light-refraetmg bodies absent, sub- 
terminal protonephndiopore, very little pharyngeal region 
postenor to caudal oral margin, powerfully muscled lateral 
and posterior lips, ciliated pits small, hemispherical; sparse 
coat of prominent, long, semi-rigid cilia 

S. predatonum Kepner and Carter (PI IV, Fig. 3) 

Kepner and Carter, 1931; Nuttycombe and Waters, 1935c. 

This species has been collected m Virginia, North Carolina 
and Georgia Plotnikow (1905b) describes a Stenostomum 
species from Russia which we believe is S. predatonum, 

Well-fed, single-zooid specimens of 5. predatonum measure 
about 1 mm in length. The maximum observed length was 
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4.5 mm. for a chain of 9 zooids We have found an extremely 
small variety of this species at Mt Lake, Virginia 

The body is roughly a cylinder tapered at both ends The 
anterior end tapers less gradually There are slight con¬ 
strictions just anterior and posterior to the pharyngeal region. 

In reflected light the color is milky white with a slightly 
darkened entenc region In transmitted hght the animal is 
translucent except for the enteron which may be almost black 
m well-fed specimens The epidermis and region anterior to 
the enteron have a slightly brownish tinge 

The general ciliary coat is dense and uniform The length 
of the cilia is about the same as the epidermal thirkness 
Semi-rigid cilia about 2 5 times as long as those of the general 
ciliary coat are rather freely distributed over the body 

No rhabdites have been identified The epidermal cells 
in the region anterior to the pharynx contain tiny granules 
just beneath their surfaces but these have not been definitely 
identified as rhabdites 

Lying sunken beneath the epidermis are large glands which, 
according to Kepner and Carter (1931), “discharge a colloidal 
material that has the power to paralyze other stenostoma ” 
These large depressed glands occur in no other described 
American species. 

The two ciliated pits are of medium size 
The nervous system conforms to the generic pattern 
There are no light-refracting bodies associated with the 
cerebral ganglia 

The mouth, at rest, appears as a longitudinal slit somewhat 
wider at its posterior end The anterior and posterior “lip” 
regions remain at the level of the body surface, whereas, the 
lateral “lip” margi ns arc depressed below the body surface 
When the mouth is widely opened the lateral regions are 
elevated and become continuous with the anterior and pos¬ 
terior regions at the level of the body surface When, the 
“lips” are thus extended the mouth opening is approximately 
circular. The oral sphincter associated with the mouth is 
extremely powerful. 
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The extremely long pharynx of S. predatonum is the most 
muscular to be found in the American specie^ of the genus. 
The general intrinsic pharyngeal musculature well-developed 
but it is the radial musculature of the pharyngeal region which 
is most elaborate. Nuttycombe and Waters (1935c) have 
studied this remarkably muscled pharynx it connection with 
the feeding habits of this and other species Prominent, 
unicellular glands are located at the anterior and posterior 
ends of the pharynx but the raid-pharyngeal region is devoid 
of gland cells We have been unable to find cilia on the 
pharyngeal epithelium At rest the anterior mouth margin 
is just posterior to the extreme anterior end of the pharynx 
so there is a slight preoral pharyngeal region 

The finely ciliated enteric epithelium varies in thickness 
but is usually somewhat thicker than that of the epidermis. 
The enteric cells, when laden with food, are almost black but 
m starved specimens this gives place to tan or gray. The 
enteric epithelium contains numerous, large, highly refractive 
vacuoles In general the contents of the cells are highly 
granular The granular inclusions are usually diffusely scat¬ 
tered but occasional granular masses occur Presumably 
these correspond to such masses in the “gland cells" of the 
other species even though the granules in S. predatonum are 
much smaller than is usual The enteron extends almost to 
the postenor end of the pseudocoel leaving little free tail 

The free cells of the pseudocoel are not numerous The 
radial musculature, other than that of the pharyngeal region, 
is not prominent. 

The protonephndial tube passes posteriorly from beneath 
the transverse commissure of the brain dorsal to the pharynx 
and enteron. It opens at the posterior end of the body. 

The food of this species consists almost entirely of other 
species of Sienostomum. Its feeding habits are unique. 8. 
predatonum , by virtue of its powerful oral sphincter and 
elaborate radial, pharyngeal musculature, is capable of apply¬ 
ing its mouth to the surface of the body of an individual of 
another species, of dilating its pharynx so as to suck in the 
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part of the body to which the mouth is applied and then, by 
the contraction of the oral sphincter, of pinching off the part 
sucked into the oral cavity The piece is then passed through 
the pharynx into the enteron. 

We have maintained cultures of S predalonum for 3 years 
by feeding them on S. tenuicaudatum. With ample food this 
species cultures very readily 

Specific diagnosis. Light-refracting bodies absent, proto- 
nephridiopore terminal, extremely long pharynx with very 
elaborate radial musculature, glands limited to anterior and 
posterior ends of pharynx, large epidermal glands which 
extend inward into the pseudocoel 

S. uronephnum Nuttycombe (PI IV, Fig. 2) 

Nuttycombe, 1931. 

This species was collected from ponds at several widely 
separated points m Georgia. It has never been collected 
elsewhere 

Specimens without well-defined fission planes average 0 74 
mm. m length, individuals of maximum length average 1 35 
mm. The observed range was 0.64 to 1 5 mm in length 
The body is roughly cylindrical in shape but faintly flattened 
ventrally. Posteriorly there is a gradual but marked tapenng 
and the slender caudal region ends somewhat bluntly. The 
extremely long tail, frequently one third and occasionally 
one half the total length of the body, is characteristic of fully 
developed specimens. Anterior to the mouth the body tapers 
sharply and ends bluntly rounded This anterior region is 
very mobile and is constantly changing shape 

In reflected fight the animal appears milky white in color. 
In transmitted light the body is generally translucent except 
for the enteron which vanes from faintly yellowish to light 
brown dependent upon the food content The granular 
“gland cells ” of the enteric epithelium stand out prominently. 

The general ciliary coat of the epidermal epithelium is 
uniform. The length of these cilia slightly exceeds the thick¬ 
ness of the epidermis and frequently is almost twice that of the 
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epidermal thickness Very long, extremely fine cilia are 
sparsely distributed over the body but are fairly numerous 
on the anterior and postenor ends. The small, rod-shaped 
rhabdites, which arc largely confined to the distal ends of the 
cells, arc particularly evident m the epidermis of the caudal 
region 

The cephalic ganglia conform to the general pattern for 
the genus except for the compactness of the anterior lobes and 
the unusually deep lateral indentations of the postenor lobes. 

The lateral ciliated pits are small and shallow and in many 
positions of the head are seen with difficulty 

A pair of light-rcfract ing bodies lies at about the level of 
the posterior margin of the mouth These are composed of 
2 to 4 flattened or spherical granules applied to the face of a 
vesicle. 

The mouth is medio-vcntral in position and is located near 
the anterior end Its marginal contour is variable even at 
rest but is usually nearly circular 

The highly muscular pharynx is lined with a finely ciliated 
epithelium. When at rest its lumen is dilated somewhat just 
postenor to the mouth. Numerous muscle fibers radiate 
prominently from the outer pharyngeal wall to the body wall 
The nuclei of these fibers stand out very sharply. Small urn- 
cellular glands are sparsely scattered over the outer pharyngeal 
wall 

The pharynx opens immediately into the enteron the lining 
of which is finely ciliated. Posteriorly the enteron tapers and 
ends bluntly rounded The enteric cells are apparently not 
sharply defined, vary in general color depending upon the 
food, and show large irregularly located vacuoles. The 
granular “gland cells” stand out very prominently among the 
enteric cells 

The pseudocoel contains free cells of various sizes and 
shapes 

The protonephndium is rather prominent and passes from 
the extreme anterior end under the commissure and thence 
along the mid-dorsal line m a slightly irregular path to near 
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the posterior end of the enteron where it bends abruptly to 
the right and downward (this curvature has been constant m 
all of 50 healthy specimens examined for it) and passes beyond 
the posterior end of the enteron lateral to it The tube now 
bends sharply to the left and extends posteriorly by way of 
numerous coils Active cilia may be seen within the lumen 
of the tube in the region of the coils. The tail region, which 
is highly adhesive on its ventral surface, may be greatly 
elongated while being used as an anchor but it is only dunng 
extreme elongation that the coils are eliminated by stretching. 
The protonephridiopore is terminal The prominence of the 
protonephndial tube in the caudal region suggested the specific 
name 

The species cultures readily m wheat-gram infusions of 
protozoa and small rotifers but rotifers under these conditions 
appear to make up the bulk of the food Mass cultures have 
been maintained for 6 years Division occurs in healthy 
animals about once in 18 to 24 hours In our experience, the 
species becomes sexually mature as females in stagnant cul¬ 
tures So far no male gonads have been observed 

We have isolated some 150 of the eggs but none of these 
hatched 

Specific diagnosis 1 pair of light refracting bodies com¬ 
posed of not more than 4 granules each, terminal or subter¬ 
minal protonephndial opemng, an extremely long enteron-free 
caudal region in which the protonephndial tube is elaborately 
coiled 

S. arevaloi Gieysztor (PI III, Fig 2) 

Gieysztor, 1931; Nuttycombe, 1932b. 

Gieysztor (1931) collected and described this species from 
Spam. We have collected it a number of times from the 
Piedmont and Coastal Regions of Georgia and from Virginia 
Healthy specimens without apparent fission planes measure 
about 0 75 mm. m length by 0.13 mm m diameter (measure¬ 
ment just posterior to pharynx). The minimum observed 
length was 0.35 mm and the maximum 2 5 mm. This 
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species frequently shows four fission planes and a maximum 
of seven has been observed in several specimens. 

The body iB roughly cylindrical in shapf but somewhat 
compressed ventrally Anteriorly there is little change in the 
diameter and the extreme anterior end is bluntly rounded 
Posteriorly there is a marked tapering aiid the caudal region 
is usually well pointed. A peculiar feature of the caudal region 
is that its posterior end is bent sharply upward and is not in 
contact with the substratum as is the more anterior caudal 
region the ventral surface of which is highly adhesive The 
formation of this caudal tip is unusual in that it iB an out¬ 
growth from the postero-ventral body wall of the anterior 
zooid and in that it is well developed before separation occurs 
After separation of the zooids the outgrowth becomes dorsally 
directed, apparently through a twist in the caudal region. 

In reflected light the animal appears milky white In 
transmitted light the body is generally translucent and color¬ 
less or very faintly brownish except for the enteron which is 
brownish and shows brownish and greenish granular inclusions. 

The general ciliary coat is uniform The length of the cilia 
is slightly greater than the thickness of the epidermis. Long, 
semi-rigid cilia seem to be rare although occasional cilia of 
this type have been seen in the caudal region. 

Very tiny, short, rod-shaped bodies, located just beneath 
the surface of the epidermal cells, appear to be minute 
rhabdites 

The epidermis contains numerous clear, highly refractive 
bodies Each body is typically composed of several vesicles, 
of various sizes, so arranged as to take a horse-shoe shape 
The shape, however, is by no means constant and changes with 
the varying stresses placed on the epidermis. These bodies 
are much more numerous posterior to the head region. 

The ciliated pits are rather large and somewhat anteriorly 
directed. 

The cephalic ganglia conform to the general pattern for the 
genus Both anterior and posterior lobes are well defined and 
the mesial portions of the posterior lobes lie over the mouth. 
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The light-refracting bodies are peculiar. There are three 
pairs of such bodies in the head region just beneath the epi¬ 
dermis. Each is associated with a clear vesicle The 
posterior pair is typically composed of two spherules each, 
apparently fused together, lying above the posterior cephalic 
lobes at about the level of the mouth. In several instances one 
of these posterior units has contained three spherules The 
middle pair, each member a single spherule, lies just anterior 
to the posterior margin of the ciliated pits above the anterior 
cephalic lobes. These spherules are about the same size as 
those involved in the posterior bodies. Slightly m front of the 
middle pair lies the anterior pair, each a single spherule, about 
half the size of the spherules of the middle and posterior units 
Sometimes one of these anterior bodies is displaced so as to 
he mesiad or antero-mesiad to the middle body on the same 
side. 

The mouth is mesio-ventral in position and is located near 
the anterior end beneath the posterior cephalic ganglia 

The pharynx is muscular and its lining is ciliated The 
latero-antenor pharyngeal region lies under the posterior 
cephalic lobes. The outer pharyngeal wall is covered with 
g ands similar to those of S tenmcaudatum Posteriorly the 
pharynx is sharply constricted and opens through the antero- 
ventral enteric wall. 

The enteric walls follow the outline of the body posteriorly. 
The enteron ends bluntly rounded some distance anterior to 
the end of the body. The enteric epithelium is finely ciliated 
The enteron is variable in color depending upon the food- 
content but is usually brownish. Almost invariably the 
enteric region just back of the pharynx shows very dark, fine, 
granular inclusions which cause this portion to stand out as 
an extremely dark region The enteric wall contains varying 
numbers of vacuoles and darker granular masses. 

The general mesenchyme is represented by cells of various 
sizes and shapes. These are rather plentiful in the region 
anterior to the enteron, not plentiful m the enteric region, and 
again rather plentiful in the free caudal region. For the most 
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part these mesenchymal cells are fairly large and translucent 
with frequent minute granular inclusions 

Radial muscle fibers are not very prominent but may be 
seen runmng from various internal parts to the body wall 
The protonephridium is not readily seen m the region 
anterior to the mouth but appears to pass from beneath the 
ganglia posteriorly over the pharynx and enteron in a waving 
path The protonephndial lumen in the pharyngeal region is 
highly ciliated and frequently contains elonaged masses made 
up of transparent granules and stringy material At the 
posterior end of the enteron the tube usually goes into several 
coils, although it is occasionally almost straight, and passes 
posteriorly in the free caudal region to open ventrally not 
farther back than the mid-point between the posterior end of 
the enteron and the posterior end of the body. Most fre¬ 
quently the pore is just back of the enteron. 

The species may be cultured with difficulty in wheat infu¬ 
sions of small rotifers and protozoa It may be easily cultured 
on the small variety of S virgmtanum 

Sexual reproduction has not been observed in cultures al¬ 
though large numbers of individuals have been under observa¬ 
tion for ten months. Division may occur as frequently as 
every 18 hours 

Specific diagnosis This species has the following distinctive 
combination of features 2 pairs of light-refractmg bodies 
dorsal to the anterior cerebral ganglionic lobes and 1 pair 
dorsal to the posterior ganglionic lobes, protonephndiopore 
not terminal or subterminal, a dorsally directed caudal 
outgrowth 

S ventronephnum Nuttycombe (PI. VI, Fig. 1) 
Nuttycombc, 19326 

This species has been collected in Virginia and from Bulloch 
County, Georgia 

Healthy specimens without apparent fission planes meas¬ 
ure about 0 5 mm m length by 0 07 or 0.08 mm m diameter 
(measurement just posterior to pharynx) The minimum 
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observed length was 0.3 mm. and the maximum 2 mm. 
Specimens of more than 3 zooids have not been observed. 

The body is cylindrical. In most specimens lateral con¬ 
strictions between the posterior margins of the ciliated pits 
and the mouth set the head off rather sharply and give to 
the head region a somewhat spatulate appearance from above. 
The anterior end is smoothly rounded in outline and is fairly 
mobile but is not subject to sharp changes in shape during 
stretching. There is a gradual tapering posteriorly and the 
body ends rather bluntly The free caudal region is rarely of 
an appreciable length. 

In reflected light the animal is milky white in color. In 
transmitted light the general coloration varies considerably. 
The epidermis is usually translucent and colorless but is 
sometimes yellowish. In the epidermis appear two distinctive 
features (1) In the cephalic region are found large, rhabdite- 
hke structures, which are frequently grouped into packets, that 
stand out prominently and give the head a warty appearance. 
Rhabdites other than those of the cephalic region are not 
noticeable. (2) In the epidermis back of the cephalic region 
there are numerous, large, somewhat irregularly-shaped, 
granular bodies which stand out sharply Similar bodies oc¬ 
cur occasionally in the pseudocoel and are rarely inclusions of 
the enteric wall. 

The pharyngeal region is usually brownish and the entenc 
region vanes from faint (not infrequently lighter than the 
pharyngeal region) to dark brown depending upon the food- 
content. » 

The general ciliary coat of the epidermal epithelium is 
uniform. The length of the cilia is approximately that of the 
thickness of the epidermis There are long, semi-rigid cilia, 
2 to 3 times the length of the general cilia, sparsely scattered 
over the body but somewhat more plentiful in the anterior and 
postenor regions. 

The cephalic ganglia are two masses and the transverse 
connective is heavy. 

The ciliated pits are large and prominent. 
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There are no light refracting organs 

The mouth is medio-ventral in position and is located near 
the anterior end Its marginal contour is usually circular 
when at rest 

The highly muscular pharynx is lined by a ciliated epi¬ 
thelium In the pharyngeal wall brownish longitudinal fiber- 
masses are very prominent. Pharyngeal glands, somewhat 
irregular in shape, may be seen lying outside the posterior 
half of the pharyngeal wall These glands may also occur on 
the anterior half but are less numerous and less obvious here 
The pharynx undercuts the antero-dorsal enteric region and 
opens into the antero-ventral wall of the enteron. 

The cells of the entenc epithelium are not very distinct in 
outline and their free ends are finely ciliated The outer 
margin of the enteric wall is faintly and irregularly dentate. 
The enteric epithelium is usually at least half again as thick 
as the epidermal epithelium and when the animal is extended 
the enteric lumen is, as a rule, small Dark granular masses, 
isolated granules and vacuoles of various sizes are common in 
the entenc wall 

In the general parenchyma of the enteric region may be 
seen scattered cells of various sizes and shapes. In the 
pharyngeal and cephalic regions large sphencal cells are 
rather plentiful. 

The protoncphndium passes from the extreme anterior end 
under the cephalic connective and thence over the pharynx to 
its posterior end where it bends sharply to the left and passes 
to the ventral surface of the enteron after which it passes 
caudad, somewhat to the left of the mid-ventral line, by a 
slightly irregular path. The peculiar position of the tube sug¬ 
gested the specific name The posterior opening of the proto- 
nephndium is subterminal. One case in which the protone- 
phndium passed ventrally to the right has been observed but 
a dorsal tube posterior to the pharynx has never been observed. 

This species cultures readily in wheat-gram infusions and 
large cultures have been maintained for almost 7 years. Asex¬ 
ual reproduction occurs in healthy animals about once in 24 
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hours. No sexual reproduction has ever occurred in our 
cultures 

Specific diagnosis Light-refracting bodies absent, a proto- 
nephndial tube which lies ventral to the entcron posterior to 
the pharynx, vesicular epidermal bodies. 

8 virgmianum Nuttycombe (PI. V, Fig 3) 

Nuttycombe, 1931, Jones, 1932, Nuttycombe and Waters, 
1935c. 

8 virgmianum exists in at least three vancties which 
differ primarily m size Nuttycombe (1931) poorly described 
S virgmianum from Giles County, Virginia and Jones (1932) 
described the large variety as S carmvorum from the Uni¬ 
versity of Virginia and Halifax, Nova Scotia. We have col¬ 
lected an intermediate form from Stone Mountain, Georgia, 
and a large variety used by Jones from several localities in 
Georgia, Virginia and North Carolina. Van Cleave (1929), 
we believe, used this large variety under the tentative name 
<S leucops. Van Cleave’s collections were made at Chicago, 
Illinois 

We have for several years maintained cultures of these 
varieties and have attempted to find some constant feature for 
differential diagnosis but no such features have been found 

Nuttycombe m his description of S virgmianum stated 
that pharyngeal “glands are not apparent but the nuclei of 
the muscle fibers in the pharyngeal region stand out sharply ” 
Later studies of this species (specimens from the same clone 
as those from which original description was drawn) have 
revealed small glands scattered over the whole pharyngeal 
region with a somewhat greater concentration near the mouth. 
These glands correspond both as to size and distribution to 
those described by Jones for S camivorum. Jones’ descrip¬ 
tion of the refractive bodies of S camivorum leaves much to 
be desired He states, “associated with the posterior lobe 
of each cephalic ganglion is a colorless vesicle of ’eye spot’ 
very much like that which Kepner and Carter described for 
S, cxliatum ” According to Kepner and Carter (1931) each 
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refractive body m S ciliatum consists of “a colorless vesicle 
that contains on its posterior floor, one, two or three more or 
less rod-shaped light refracting bodies.” In our large form 
<S mrgimanum all the characteristics conform to JoneB’ de¬ 
scription of S. carmvorum except that the refractive mass 
associated with the vesicle always appears to be composed of a 
unit (this unit may show some indentations on its edge) which 
appears rod-shaped only from the side Jones’ figure is that 
of a considerably compressed specimen and in such an animal 
the side view of the refractive masses would be obtained. In 
addition to the morphological similarity the feeding habits of 
S. camivorum and all varieties of S mrgimanum are similar 
(see latter part of description) 

As Nuttycombe’s S mrgimanum has priority we are elim¬ 
inating S carmvorum from our list of valid species. A descrip¬ 
tion of S mrgimanum follows* 

Single zooids in the small variety are about 0 40 mm. in 
length, single zooids of the large variety are about 1 0 mm. m 
length. The maximum observed length for zooid chains m 
the small variety is slightly over 1.0 mm , in the large variety, 
5 0 mm 

The body is cylindrical with its greatest diameter in the 
region of the pharynx Anterior to the mouth the body tapers 
sharply—the posterior end of the body narrows gradually and 
ends bluntly rounded The anterior end is extremely mobile 
and iB constantly changing shape. 

In reflected light the color is glistening white In trans¬ 
mitted light the body, except for the enteron which vanes in 
color dependent upon its food-content, is translucent. 

The general, epidermal, ciliary coat is heavy and of uniform 
length The cilia are slightly longer than the epidermal thick¬ 
ness. Long (about 3 times the length of the cilia of the general 
ciliary coat), semi-rigid cilia are sparsely distnbuted over the 
body but are more prominent at the anterior and posterior 
ends of the body and around the oral opening 

The numerous, minute, rod-shaped, epidermal rhabdites 
are disposed perpendicularly to the surface and are largely 
confined to the distal ends of the cells. 
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The two, small, hemispherical, ciliated pits are located 
laterally or lateroventrally. 

The nervous system conforms to the general pattern for 
the genus. 

A light refractive body is associated with each posterior 
ganglionic lobe. At the end of a stem-like outgrowth from 
the lobe is a very faintly granular vesicle bearing the lens-hke 
(roughly triangular, sometimes with dentate edges) refractive 
unit The refractive face is directed postcro-mesially 

The mouth is approximately round m outline when at rest 
It is highly mobile and distensible 

The pharynx when at rest is of fairly uniform diameter 
throughout Its walls contain a heavy circular and longi¬ 
tudinal musculature The extrinsic, radial musculature of the 
pharynx is heavy. The pharyngeal opening into the enteron 
is guarded by a strong sphincter Small unicellular glands are 
sparsely distiibuted over the outei surface of the pharynx 
but are somewhat more numerous at the anterior end The 
pharyngeal epithelium is very lightly ciliated. 

The enteron extends almost to the end of the pseudocoel 
leaving very little free tail region The outer entenc wall is 
faintly and irregularly dentate The enteric lumen is finely 
ciliated The general color of the enteron vanes from yellow¬ 
ish to brown in transmitted light The entenc epithelium is 
finely granular and rather numerous, prominent cells (gland 
cells) which contain masses of larger refractive granules also 
occur These cells stand out very sharply in specimens m 
which the enteron is not laden with food 

In the very limited space between the enteron and the body 
wall may be seen free cells of various sizes and shapes In the 
region anterior to the enteron large free cells are fairly numer¬ 
ous between the muscle fibers about the pharynx and around 
and in front of the cerebral ganglia. 

The radial musculature supporting the protonephridium 
and enteron is well-developed. 

The very prominent, protonephndial tube passes from 
beneath the transverse commissure posteriorly above the 
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pharynx and enteron in a slightly undulating path to the 
posterior end where it opens subterminally 

All varieties of this species characteristically move about 
ventral side up 

According to Jones this species (his S camivorum ) is 
primarily predatory upon other smaller species of Stenostomum 
which it ingests but it is incapable of “pinching” off pieces 
from the body surface of its prey after the manner of S pre- 
datorium It is certainly true that S virgimanum is incapable 
of feeding by the peculiar method of S predalonum and it is 
further true that it frequently ingests whole individuals of 
other species or smaller individuals of its own kind but wc do 
not consider this predatory feeding upon Stenostomum as 
primary We have maintained pure cultures of this species 
without difficulty and except for occasional cannibalism the 
cultures have subsisted on protozoa and rotifers. 

Specific diagnosis. 1 pair light-refracting bodies each com¬ 
posed of apparently 1 to 4 units, protonephridiopore subter- 
mmal, pharynx relatively long and tubular with small glands 
distributed over entire surface and with elaborate, radial pha¬ 
ryngeal musculature, little enteron-free caudal region, fairly 
prominent ciliary coat and long semi-ngid cilia sparsely dis¬ 
tributed over body 

S pseudoacetabulum Nuttycombe and Waters (PI. Ill, Fig 3) 

Nuttyeombe and Waters, 1935a. 

This species was collected in large numbers from ponds m 
Bulloch County, Georgia 

Healthy specimens measure from 0.75 to 2.5 mm. in length 
We have never encountered specimens without a fission plane 
and large individuals frequently show seven well-defined 
planes 

The head is sharply marked off by a constriction just 
anterior to the mouth and is somewhat spatulate. Posterior 
to the head the body is cylindrical and tapers gradually into 
an attenuated caudal region The posterior end of this region 
bears a dorsally directed outgrowth very similar to that de- 
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scribed for S arevaloi In S pseudoacetabulum however the 
outgrowth arises at the new hRsion plane as a poslero-dorsal 
outgrowth from the anterior zooid. In well-fed individuals 
the body as a whole is very thick and heavy 

In reflected light the animal is white. In transmitted 
light the integument and anterior region are translucent or 
pale brownish. The enteric region is gray, brownish or almost 
black dependent upon food-content. The enteron has many 
glistening vacuoles. 

The general ciliary coat is uniform—cilia about as long as 
epidermis (epidermis other than that in free caudal region, 
here it is thinner than elsewhere) is thick Non-vibratile cilia, 
three or four times as long as those in the general coat, have 
been observed in the preoral region but not elsewhere. 

Rod-shaped rhabdites, vertically disposed and uniformly 
distnbuted, lie just beneath the surface of the epidermal cells 
The two ciliated pits are of medium size and laterally 
placed 

The cephalic ganglia conform to the general pattern for 
the genus Light-refracting bodies associated with the gangha 
have not been observed 

From above the mouth at rest very strongly resembles a 
trematode acetabulum This feature suggested the specific 
name. This sucker-like appearance is due to the fact that 
the “lips” are invaginated so deeply as to mvolve about the 
anterior one-third of the pharyngeal wall. This region may 
be everted rapidly to form a proboscis-like structure 

The pharynx is widened posteriorly to form a cap over the 
anterior end of the enteron. The pharyngeal walls are highly 
muscular and prominently glandular A sphincter lies be¬ 
tween the pharynx and the enteron The pharyngeal lining is 
ciliated. The radial muscle fibers from the pharyngeal wall 
to the body are very numerous 

The enteron conforms m shape to the body region m which 
it lies. It terminates considerably anterior to the caudal end 
of the animal and leaves an enteron-free caudal region The 
enteric epithelium is approximately twice as thick as that of 
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(he epidermis. Its cells are prominently Vacuolate and finely 
ciliated Occasional granular “gland cell£” occur. 

The free cells of the pseudocoel are bf various sizes and 
shapes. 

The protoncphndium passes posteriorly from the pregan¬ 
glionic region beneath the transverse commissure of the ce¬ 
phalic ganglia, dorsal to the pharynx and enteron, and empties 
terminally beneath the dorsal outgrowth at the posterior end 
of the body 

About half the specimens studied were sexually mature as 
males The testis is located above and slightly to the right 
side of the pharynx 

Specific diagnosis. Light-refracting bodies absent, proto- 
nephndiopore terminal; single dorsally directed caudal out¬ 
growth. 

'S cryptops Nuttycombe and Waters (PI VI, Fig 2) 

Nuttycombe and Waters, 19366 

This species has been collected m considerable numbers 
from ponds m Bulloch County, Georgia. 

The maximum observed length for S. cryptops is 0.86 mm 
for a chain of 6 zooids The minimum for a single zooid 0.26 
mm The ratio of diameter to length ranges from 1 to 8 to 
1 to 16. 

In reflected light the animals are white. In transmitted 
light the epidermis, pseudocoel and pre-entenc region are 
translucent, the enteron varies in color dependent upon its 
food-content 

The general ciliary coat of the epidermal epithelium is uni¬ 
form The length of these cilia generally only slightly exceeds 
the thickness of the epidermis but occasionally the alia are 
twice as long as the epidermis is thick. Sparsely scattered 
over the body are semi-rigid cilia 3 or 4 times as long as those 
of the general ciliary coat. The epidermal rhabdites are 
fairly large, rod-shaped and evenly distributed. 

The cephalic ganglia conform to the general pattern of the 
genus but are extremely large and much elongated. 
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The ciliated pits are dorso-laterally placed, large and much 
deeper at their posterior ends 

There are two pairs of inconspicuous light refracting bodies 
of the same general type. The inconspicuousness of these 
bodies suggested the specific name Both pairs have associ¬ 
ated with them large, clear vesicles. The anterior pair lies at 
the posterior tips of the anterior lobes of the cerebral ganglia 
and the posterior pair lies, at rest, beneath the posterior lobes 
The refractive mass associated with each of the vesicles of the 
anterior pair of light refracting bodies is smaller and less dish¬ 
shaped than the corresponding mass for the posterior pair of 
refractive bodies. The refractive masses of both pairs appear 
to be finely granular at a magnification of 1500 The connec¬ 
tions of the anterior bodies have not been determined, the 
posterior pair appears to be associated with the posterior lobeB 
The posterior pair has a considerable range of lateral move¬ 
ment and may move mesially until they lie very close to each 
side of the mouth or laterally until they he outside the lateral 
margins of the posterior lobes They are shown m this latter 
position in the figure for this species. 

The mouth is medio-ventral in position and is typically a 
longitudinal slit the posterior margin of which is located about 
the middle of the pharyngeal region 

The pharynx is short,, highly muscled and has associated 
with its posterior end several long-necked glands of unusually 
large size Smaller glands also occur more anteriorly m the 
pharyngeal region The pharyngeal lining is ciliated. The 
pharynx opens posteriorly into the enteron through a strong 
sphincter muscle. 

The antero-dorsal wall of the enteron overhangs the pha¬ 
rynx Posteriorly tHe enteron tapers and terminates just 
anterior to the posterior end of the body leaving only a very 
short, enteren-free caudal region. The enteric epithelium is 
generally about twice as thick as the epidermis. The, free 
ends of the enteric epithelial cells are finely ciHated. Lying 
within the epithelium are fairly numerous, granular “gland 
cells.” The usua! vacuoles and fine granules are also present. 
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The free cells of the pseudocoel are few, of various sixes, 
and are frequently highly refractive. The radial musculature 
between the body wall and internal parts is not as well de¬ 
veloped as is usual in the genus 

The protonephndium is a delicate tube which passes from 
beneath the cerebral commissure posteriorly above the 
pharynx and enteron by a tortuous path to its subtermmal 
opening 

Only asexual reproduction has been observed. This 
species cultures readily in wheat-grain infusions containing 
Chilomonaa and other small protozoans. 

Specific diagnosis Two pairs of hght-refracting bodies, an 
anterior pair lying at the posterior end of the anterior lobes 
of the cerebral gangha and a posterior pair lying beneath the 
posteiior lobes, protonephridiopore subtermmal, mouth typic¬ 
ally a slit the posterior margin of which lies beneath the middle 
of the pharynx, unusually large “brain”, very extensive pre- 
enteric region. 

S kepncn n. sp. (PI VII, Fig 3) 

The specific name kepneri is given because of the great 
esteem which the senior author holds for Dr. William A. 
Kepner of the University of Virginia 

This species has been collected from two ponds in the 
vicinity of Athens, Georgia, and from several localities m the 
region of Mountain Lake, Virginia 

The mid-region of the body is roughly cylindrical The 
anterior end tapers abruptly and the posterior end narrows 
less abruptly to a bluntly rounded tip in front of which there 
is no extensive enteron-free caudal region. 

The maximum observed length was 1.75 mm We have 
never seen specimens of more than 4 zooids. 

In reflected light the animal is white. In transmitted 
light the epidermis and anterior region are pale brown to 
translucent, the enteric region yellowish to almost black 
The uniform general ciliary coat is composed of cilia about 
as long as the epidermal thickness No long cilia have been 
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observed. The small, rod-shaped, epidermal rhabdites are 
largely confined to the distal ends of the cells 

The cephalic ganglia are similar to those of S ienuicau- 
datum 

The two rather large ciliated pits are laterally placed 
A pair of conspicuous, spherical light-refracting bodies are 
associated with the posterior ganglionic lobes Each spherical 
unit is very closely associated with a mass projecting from 
beneath the latero-postcnor face of the posterior ganglionic 
lobe The vesicle of the body is to all appearances very 
closely applied to the projecting mass We have noted in 
newly separated individuals and in the heads of well-advanced 
ssooids that the refractive unit may be composed of many small 
granules This fact suggests to us that the granular type of 
unit may be the more primitive type and the spherical or lens- 
hkc units may be derivatives of the granular type 

The mouth is medioventially placed and is almost circular 
in outline when the “lips” are at rest 

The rather short pharynx has a well-muscled wall and a 
wide lumen. Externally the pharynx is covered by gland cells. 
Those over its anterior surface are relatively small whereas 
those over the posterior surface are very large and the bodies of 
the most caudal of them extend over the enteric wall Pos¬ 
teriorly the pharynx opens into the enteron through an un¬ 
usually prominent sphincter 

The outer enteric wall is irregularly dentate The entenc 
lumen is wide. The enteric epithelium is about twice as thick 
as the epidermal epithelium and its cells are ciliated at their 
free ends. Within the enteric epithelium may be seen fairly 
numerous “gland cells” containing masses of fine granules 
The other enteric cells show the usual vacuoles and dispersed 
granules. The enteron tapers posteriorly somewhat more ab¬ 
ruptly than the corresponding body wall and terminates a 
short distance m front of the bluntly rounded body wall. 

The free cells of the pseudocoel are rather numerous and 
the radial muscle fibers between the body wall and the pos¬ 
terior end of the enteron are large and numerous 
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The prominent protonephridial tube passes from beneath 
the cerebral commissure above the pharynx and enteron by a 
tortuous path to the posterior enteric region. Somewhat an* 
tenor to the caudal tip of the enteron it bends abruptly to the 
right (occasionally to the left) and passes ventraUy to open 
beneath the enteron 

This species cultures readily m wheat-grain infusions. 

Only asexual reproduction has been observed. 

Specific diagnosis 1 pair of light-refracting bodies, each 
generally a single sphere, a unique feature is a protonephndio- 
pore located beneath the postenor end of the enteron, pharyn¬ 
geal glands large, ciliated pits large, little enteron-free caudal 
region. 


S. anops n sp. (PI. VII, Fig 1) 

This species was collected from a swamp about 3 miles 
northeast of Athens, Georgia. 

The thin body is cylindrical except for tapering at the 
anterior and posterior ends, both of which end in a bluntly 
rounded termination. There is practically no enteron-free 
caudal region. The region antenor to the mouth is somewhat 
flattened dorso-ventrally and is extremely mobile Two or 
more constrictions are more or leas constant features in the 
region between the anterior pharyngeal level and the ciliated 
pits. These constrictions are not fixed but result from almost 
constant activity of the musculature of the body wall in this 
region 

The maximum observed length was 1 25 mm. Specimens 
of more than 4 zooids have not been seen 

In reflected light the animal is white. In transmitted light 
the epidermis and anterior end of the body are translucent to 
yellowish, the enteron is gray, brown or almost black. 

The umf orm, general ciliary coat is composed of cilia which 
are slightly longer than the epidermal thickness. The epi¬ 
dermal rhabdites are extremely small and are located in the 
distal ends of the cells. The epidermis contains “rosette’' 
gland cells very similar to those of &. glandulosum. In S. 
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anops, however, these bodies are less numerous and arc not so 
prominent as in S. glandulosum The ventral caudal region 
of the animal is highly adhesive 

The cephalic ganglia conform to the generic pattern and 
bear a general resemblance to those of S glandulosum. 

The dorso-lateral ciliated pits are relatively large. Addi¬ 
tional pairs of ciliated pits such as described for S glandulosum, 
are not obvious. 

Magnification of 1500 revealed no trace of light-refracting 
bodies 

The mouth is medio-ventral m position and exhibits a 
uroular outline when adjacent parts are at rest 

The wall of the moderately long pharynx contains circular 
muscle bands of unusual prominence Externally the pharynx 
is covered by large, long-necked gland cells. 

The enteron passes almost to the posterior end of the body 
and ends bluntly rounded. The entenc epithelium typically 
contains numerous, prominent "gland cells" loaded with 
rather large granules As a rule vacuoles are also rather 
prominent in the entenc epithelium. 

The free cells of the pseudocoel are prominent only m the 
cephalic region 

The protonephridium passes from beneath the cerebral 
commissure posteriorly over the pharynx and enteron to its 
opening at the terminal tip of the body 

This species cultures very readily in wheat-grain infusions 

Only asexual reproduction has been observed. 

Specific diagnosis. Light-refracting bodies absent; proto- 
nephndiopore terminal; "rosette" bodies in epidermis; little 
enteron-free caudal region. 

S tuberculosum n sp. (PI I, Fig 3) 

This species has been collected in large numbers from the 
lake at Mountain Lake, Virginia and from a pond at Athens, 
Georgia 

The anterior end of the body is triangular from above with 
a slight constriction just back of the ciliated pits. Posteriorly 
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the body narrows gradually to the caudal end. The ventral 
surface is greatly flattened or, as is generally the case, appre¬ 
ciably concave At the extreme tip of the cephalic tnangle 
there projects a short tubercle which arises from a slightly 
broadened base just ventral to the extreme tip of the head 
We have not been able to notice any marked structural adap¬ 
tations associated with this tubercle nor have we ascertained 
any special function except that it seems to be extremely sensi¬ 
tive and may serve as a tactile organ. This tubercle suggested 
the specific name There is usually a considerable enteron- 
free caudal region 

The maximum observed length was 0.8 mm for a chain of 
4 zooids (we have not seen a longer zooid chain than this) and 
the minimum length for a single zooid 0 2 mm. 

In reflected light the animal is white and in transmitted 
hght translucent or faintly yellowish except for the enteron 
which is yellowish, orange or greenish. 

The uniform, dense general ciliary coat is composed of cilia 
the length of which is 3 to 4 times the epidermal thickness 
Prominent, long, semi-rigid cilia, some of which are as long as 
the greatest diameter of the body, are sparsely scattered over 
the body These long cilia appear much as those of S. softens 
The distal ends of the epidermal cells bear tiny rhabdites 

The cephalic ganglia fit well into the general pattern for the 
genus. 

The two ciliated pits arc dorso-lateral in position and are 
much wider at their posterior margins so that they appear to 
be directed anteriorly 

There are no light-refracting bodies. 

The mouth is V-shaped and, viewed from the ventral side 
of the animal under low magnification, the refractive nature of 
the “lips” gives the appearance of containing a skeletal 
material However, actual skeletal elements cannot be 
found. The powerfully muscled “Ups” tend to operate 
laterally 

The ovoid pharynx is short, powerfully muscled and has 
associated with it very large unicellular glands. The anterior 
end of the enteron overlies the posterior end of the pharynx. 
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The outer enteric wall is prominently dentate. The 
enteric epithelium, which is about 4 times as thick as the 
epidermal epithelium, normally contains a few "gland" cells 
filled with very fine granules, many vacuoles and numerous 
fine scattered granules The internal margins of the enteric 
cells are ciliated. The enteron docs not usually extend to the 
extreme caudal end of the body 

The free cells of the pscudocoel are generally small and for 
the most part are highly granular. 

The delicate protonephndial tube passes from beneath the 
tiansversc commissure posteriorly over the pharynx and 
enteron by a somewhat tortuous path and empties terminally 

This species feeds on active protozoa and is capable of 
darting forward with amazing rapidity for the capture of its 
prey. The rapidity of its movement even exceeds that of S. 
sahens which has the same prominent long ciha and feeding 
habits 

This species may be cultured with great ease m wheat-grain 
infusions 

Specific diagnosis. Light-refracting bodies absent, proto- 
nephndiopore terminal; mouth Y-shaped, pharynx muscular, 
short, ovoid with large gland cells, ciliated pits prominent and 
antenorly directed, very prominent, long, semi-rigid ciha 
sparsely scattered over body, a short tubercle projecting from 
the ventral margin of anterior tip 

S pegephilum n sp (PI. I, Fig. 1) 

This species was collected in large numbers from 2 springs 
in the region of the Mountain Lake Biological Station, Moun¬ 
tain Lake, Virginia. Both of these springs, located at an ele¬ 
vation between 3700 and 3900 feet, are very cool (42° to 
46° F.). 

The body is typically a cylinder tapered gradually at the 
posterior end and more abruptly at the anterior end. There is 
little ventral flattening The general body shape is somewhat 
more variable than for most species of the genus; some speci¬ 
mens appear rather plump whereas others are quite slender 
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The anterior end is mobile and is capable of assuming a variety 
of shapes. 

The maximum observed length was 0.9 mm. for 2 sooids 
(we have not encountered individuals of more than 2 sooids) 
and the minimum length 0.26 mm. 

In reflected light the animal is white. In transmitted 
light the body, except for the enteron, is translucent, the 
enteron is yellowish, greenish or gray 

The epidermis is unusually thick. The general ciliary 
coat is uniform and is composed of cilia one and one-half to 
twice as long as the epidermal thickness. Sparsely scattered 
over the body are delicate, long cilia about twice as long as 
those of the general ciliary coat. The extremely tiny rhab- 
dites are confined to the distal ends of the epidermal cells. 

The cephalic ganglia are elongate and in general conform to 
the generic pattern. 

The two ciliated pits are medium in size and are latero- 
ventral in position. 

There are no light-refracting bodies. 

The mouth is a trasversely disposed ovoid opening 

The pharynx is muscular and when extended is oval in 
shape The posterior pharyngeal wall is frequently thrown 
into folds so as to give the rear of the pharynx the appearance 
of a separate chamber The pharyngeal lining is very heavily 
ciliated. The outer surface of the pharynx is covered by uni¬ 
cellular glands of medium size. Posteriorly the pharynx 
opens into the enteron through a sphincter. 

The enteron rarely extends to the extreme caudal end of 
the pseudocoel. The outer enteric wall is only faintly and ir¬ 
regularly dentate The enteric epithelium has 2.5 to 3 times 
the thickness of the epidermis. The enteric lumen is wide. 
The inner surfaces of the enteric cells are finely ciliated. 
“Gland cells” containing masses of small granules are fairly 
numerous in the enteric epithelium. 

A very evident feature in the pseudocoel of this species are 
numerous, highly refractive masses composed of granules of 
various sizes. There are also in the pseudocoel cells of the 
usual types 
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The prominent prolonephndial tube follows the conven¬ 
tional path over the pharynx and enteron to its pore at the 
terminal tip of the body. 

This Rpecies apparently secretes much mucus and is given 
to forming cocoon-like structures of sediment particles It is 
sometimes quite difficult to dislodge specimens from the sedi¬ 
mentary masses The animals show little tendency to rise to 
the surface in an aquanum and have to be searched for m the 
sediment on the floor of the vessel 

This species does not culture readily m wheat-gram infu¬ 
sions but may be cultured easily in sediment containing proto¬ 
zoa and unicellular algae It apparently feeds upon sediment 
and algae. 

Only asexual reproduction has been observed 

Specific diagnosis. Light-rcfracting bodies absent, proto- 
nephndiopore terminal, mouth typically transverse, ovoid, 
pharynx covered by glands of medium size, ciliated pits me¬ 
dium size, ventro-lateral m position, no special epidermal 
bodies, rhabdites extremely tiny, usually prominent refractive 
masses in pseudocoel 

Poorly Described Species or Species of Questionable Validity 
S leucops Dugds 

A. Dugfcs, 1828, O Schmidt, 1848, Graff, 1882, Ott, 1892, 
Graff, 1904, Graff, 1913. See Graff 1913 for synonymy of this 
Rpecies, for other papers see abstracts in Bronn’s Das Tier- 
reich Turbellana II. Rhabdocockda 

The most perplexing problem which we have encountered 
concerns the validity of S. leucops as an American species. 
The literature is replete with references to S. leucops For 
instance, Ott (1892) made an extensive biological study of this 
species, Child (1901, etc ) used it for a study of fission and 
regulation and later for comparative studies ui reconstruction. 
Kepner and Cash (1915) described the ciliated pits of a species 
they supposed to be S. leucops and Van Cleave (1929) used a 
species which he tentatively identified as S. leucops for studies 
m fission and reconstitution Van Cleave (1929) states that 
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Child “now believes his identification of the species he then 
called S. leucopa to have been incorrect and that the form was 
probably S tenuicauda ” Kepner and Carter (1031) state 
that they believe Kepner and Cash described the ciliated pits 
of S tenuicaudatum instead leucopa. Kepner further 

states that, if the original descnpqqg of S. leucopa be correct, 
he has never found S. leucopa in Virginia. We are convinced 
from his description, sketches and discussion of the reconstitu- 
tional behavior that Van Cleave (1920) used S virgintanum 
instead of S. leucopa 

Ott’s lengthy description of the spqpies still leaves the 
status of S leucopa very uitaertain. Efe describes light- 
refracting bodies which might well hedhose on®, tenuicaudatum 
except for the fact that he does not mlmtion the vesicle. He 
states that they are connected to the posterior brain lobes by 
a thin nerve. We are very dubious about ar^hght-refraCting 
body without an associated vesicle, even though S. simplex 
has been so described, particularly if it be of the dish-shaped 
type Ott described the protonephridiopore as lying some¬ 
times in the middle of the triangular, enteron-free, tail region 
and sometimes near the end of that region The latter con¬ 
dition, as he points out, would obtain in newly divided an¬ 
terior sooids. In the “short-tailed” variety of S. tenui¬ 
caudatum identical conditions are found with reference to the 
protonephridiopore. Ott’s description of the pharynx and 
other parts of 8 . leucopa conforms perfectly to the description 
of 8 tenuicaudatum He fails to mention the “enteric gland 
cells” which von Graff (1911) figures so prominently in his 
S tenuicaudatum but we have seen 8. tenuicaudatum without 
these Indeed we feel almost certain that 8. leucopa according 
to Ott is the same as von Graff’s S. tenuicaudatum. 

Von Graff (1913) gave a description of S. leucopa which 
appears to us, after studying the sources, to be a composite 
from the descriptions from Ott, Child and others. Child, as 
has been previously stated, now believes he used 8. tenui¬ 
caudatum instead of 8. leucopa and it has been shown above 
that there is little of Ott’s description which cannot be applied 
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to S. tenuieaudatum Von Graff (1913), in his description, 
suggests two features which surely do not fit S tenuieaudatum 
According to him the pharynx of S leucops is not uniform in 
structure but has a sort of oesophageal portion Further, he 
describes a rhabdite-free tract down the middle of the ventral 
surface. Both of these features are found m S. grande The 
opening of the nephndiopore, according to Ott, is located near 
the end of; or in the middle of, the tail "triangle.” According 
to von Graff the opening is terminal or subterminal We 
interpret terminal to mean extreme tip and subterminal to 
mean just, anterior to the tip We do not interpret "sub- 
terminal” as corresponding to "in the middle of the tail 
triangle ” In short, there is no agreement as to specific 
characteristics for S leucops It seems evident that some 
variety of S. tenuieaudatum has been used in the United States 
for S. leucops Furthermore, von Graff’s description, which 
is the most extensive except for Ott’s, seems to be a useless 
composite involving features drawn from several sources of 
questionable validity 

It might seem reasonable to reject the name S tenui- 
caudatum and accept the name S leucops as the valid specific 
name except for the all-important fact that von Graff’s 
original brief description (1911) of S tenuieaudatum fits the 
species which we are using under that name and Ott’s ex¬ 
tensive description of his S leucops, wjth the exception of his 
questionable interpretation of the light-refracting bodies, also 
fits S tenuieaudatum. Von Graff (1911), without descriptive 
text except for a comment on the length of zooids and rhab- 
elites, records the collection of S leucops at Rochester and 
Ontario. This and other collection records are open to the 
same criticism as those given Ott’s S leucops. 

We are therefore placing this species in our second list as 
a highly questionable species. Indeed it seems likely to ps 
that the descriptions of <S. leucops are so unreliable as to 
invalidate completely that species in any fauna, we rather 
strongly suspect that it is a synonym for Stenostomum. 
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S agile Silhman 

Silliman, 1885, Graff, 1911, Graff, 1913 
Silliman collected this species in Monroe County, New 
York, von Graff states that it is abundant m the environs of 
Rochester, New York, and that he also found it m Switzerland 
and Bohemia It has been reported from Europe by Fuhr- 
mann (1894), Meixner (1915), Nasonov (1926), and others 
and by Okugawa (1930) from Japan 

We, with considerable misgiving, have placed S agile in 
this gi oup of questionable species We have carefully studied 
and compared the original description by Silhman (1885) and 
those of von Graff (1911,1913) The most significant specific 
feature appears to us to be the light-refracting body This 
feature, as we have shown, is extremely constant within rather 
narrow limits and is reliable as a specific character The 
light-refracting body m S agile is unique m the American 
species if it is as described by von Graff. The original and 
von Graff’s descriptions differ m several points Silliman 
(1885) describes the light-refracting body as a sac which bears 
m its posterior part a strong light-refracting body which 
appears homogeneous His figure shows an elevation on the 
anterior, concave face of this refractive umt. According to 
von Graff (1911) the body is composed of a fluid-filled vesicle 
which bears on its posterior face a lens-like refractive unit 
(4 microns m diameter) which sometimes shows stnations or 
wrinkles Lying embedded m a pit in the anterior face of 
this refractive lens is a globule. Yon Graff (1913) omits any 
reference to the striae or wrinkles of the refractive umt but 
again describes the globule lying in a centrally located de¬ 
pression m the anterior face of the refractive lens. A refrac¬ 
tive body with a globule lying in the anterior face of its refrac¬ 
tive unit would unquestionably establish this as a valid species 
Silliman describes pharyngeal glands as being confined to 
the posterior end of the pharynx, whereas von Graff (1911, 
1913) described and figured the glands over the entire pharynx 
Silhman described the ciliated pits as supplied by nerves 
from the anterior gangliomc lobes but Graff (1911) stresses 
the fact that the pits lie embedded m the anterior ganglia. 
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The three descriptions, Silliman (1885), \on Graff (1911, 
1913) agree in most other features. A composite of these 
follows. 

Solitary zooids measure about 0 75 mm. in length, 5-zooid 
chains about 4 mm Both ends of the body are tapered but 
blunt The extensive anterior end contains elaborate trans¬ 
verse ‘ ‘ muscle plates ’ ’ The animal is colorless or occasionally 
gray or yellowish There is a well-developed, epidermal, 
ciliary coat The rhabdites are 2-4 microns in length The 
posterior end of the body bears adhesive cells which allow firm 
attachment The brain conforms to the generic pattern. 
The ciliated pits are far anterior and extra long cilia are asso¬ 
ciated with them The light-refracting bodies have been 
previously described The mouth lies in the anterior 1/5 of 
the body The pharynx is long and covered by glands (see 
previous discussion of this feature) The intestinal epithelium 
is ciliated and contains glistening oil droplets and yellowish- 
green granules. The excretory system is similar to that of 
the genenc pattern The protonephndiopore lies somewhat 
anterior to the posterior end The pseudocoel contains 
nucleate cells Silliman figures and describes a saccular 
testis above the anterior pharyngeal region 

S mcaudatum. Sonneborn 

Sonneborn, 1930 a and b, 

Sonneborn originally isolated a single specimen of this 
species from a culture in the Zoological Laboratories at Johns 
Hopkins University. The exact source of the culture could 
not be ascertained 

We think it very probable that this is a valid species but 
because of the nature of the description we are not placing it 
with our list of valid species. Sonneborn states that members 
of this genus have 4 ‘one or more pairs of light-refractive 
organs of supposed optic function” and then fails to mentibn 
even the presence or absence of such organs in his desenption 
of S. incaudatum. His figures are of little value in deter¬ 
mining the validity of his species. 
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His description is reproduced here 

“ Stenostomum incaudatum differs from all other species of 
the genus in its combination of two characteristics, the absence 
of a tail, and a particular form and structure of the pharynx. 
The posterior end of the body tapers but slightly and ends 
bluntly; the pharynx lacks glands, is short, and is nearly as 
wide as the head. A full description follows. 

“The body forms a flattened cylinder of nearly uniform 
depth and width except near the anterior and posterior ends. 
The ratio of width to length is about one to twenty in the 
longest chains, about one to five or six in solitary animals. 
The ratio of width to depth is about seven to five. Chains 
of as many as nine zooids occur. Single animals may be as 
long as 0 3 mm ; chains of mne zooids attain a length of 
2 0 mm 

“In reflected light the whole organism appears white. In 
Iransmitted light the head is gray, the trunk dark. The 
darkness of the trunk is due chiefly to the food within the 
lumen of the intestine and within the intestinal cells, but even 
starved specimens have a yellowish brown intestine. Nu¬ 
merous dark green bodies (glands) are applied closely to the 
outer surface of the intestine, these can be seen more clearly 
m starved specimens. 

“The form and structure of the head are represented in 
figure 3. In the most anterior part are two groups of trans¬ 
verse muscles Just posterior to these he the pair of shallow 
ciliated pits, at the base of each is a ganglion. These ganglia 
are immediately anterior to a pair of large, trapezoidal cerebral 
ganglia No commissure between the cerebral ganglia has 
been observed, but these lie very close together. The most 
posterior part of the head is fully occupied by a thick-walled, 
muscular, but non-glandular, pharynx A medioventral 
V-shaped mouth opens into the pharynx and the pharynx 
opens through a narrow sphincter into the intestine. The 
cavity of the pharynx is flask-shaped, with a narrow neck of 
the flask leading from the mouth to the wide base of the flask 
near the intestine. The base of the flask is partly occupied 
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by a pyramidal mass of cells with the sphincter in the center. 
After a food organism is captured, it is whirled around in the 
pharyngeal cavity for a short time and then pushed back into 
the intestine through the sphincter. 

“ The postpharyngeal region presents few unusual features 
The pseudocoel is very narrow Dark green glands, filled 
with granules or vacuoles, lie closely applied to the outer 
surface of the intestine. The distal parts of the intestinal 
cells are clear and translucent, sometimes containing trans¬ 
lucent globules; the proximal parts are dark The ciliated 
lumen of the intestine is wide. The excretory, or proto- 
nephndial, duct has the usual form and position. The ciliated 
integument is thin and translucent 

“No tail is present, the intestine extends to the posterior 
tip of the trunk ” 

He cultured this species easily on Colpidium striatum. 

Species of Very Doubtful Validity 
S giganteum Higley 

Higley, 1918. 

Higley described this species from Illinois 

We have no apology to offer in classing this species as 
questionable. Both the description and the figure accom¬ 
panying it are too inadequate to be worth anything. The 
whole description suggests one which might be offered for any 
of the larger Bpecies in a very unhealthy condition. Neither 
light-refracting bodies nor pharyngeal glands are mentioned 
and, indeed, the six pages devoted to the description of this 
species give little idea of its morphology other than its size 
and shape. 

S gUmdiferum Higley 

Higley, 1918. 

Higley collected this species in Illinois 

The description of this species is somewhat better than 
that of 8. giganteum but is wholly inadequate to establish the 
species. We see some similarity between this species and 
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S. tnrginianum but we do not feel that the resemblance is suf¬ 
ficient to jeopardize the position of S. nrgtnianum. 

S. speciosum Stringer 

Stringer, 1918 in Ward and Whipple’s Fresh-water Biology, 
1918. 

The only descriptive material we have been able to locate 
on this species is found in Ward and Whipple, “Fresh-water 
Biology,” 1918 The specimen figured is sexually mature 
as a female and the description is so brief as to be absolutely 
worthless 

Described from Nebraska 

Notes on Distribution, Collection, Culture, 
and Reproduction 

There is little space in a paper of this length for discussion 
of the general biology of the genus We have therefore 
limited this section to a few very brief notes on distribution, 
collection, culture methods, and reproduction 

Species of this genus appear to be widely distributed. The 
literature of the American species shows collection records 
from practically all parts of the country east of the Missis¬ 
sippi Our own collection records show the genus plentiful 
in New York, Pennsylvania, Virginia, North and South 
Carolina, Tennessee, and Georgia Foreign collection records 
(those for the American species are listed elsewhere in this 
paper) report the genus from all parts of the world. 

We have found a variety of species at an elevation of about 
5000 feet and an even greater variety at an elevation only a 
few feet above sea level. Our collection records indicate that 
S tenuicaudatum and S vxrgxnianum have the widest distribu¬ 
tion and are found m greater numbers than other species. 
S. grande, S. predatonum, S. aahens, S arevalm, and S glandu- 
lo8um are also very widely distributed S. uronephrium , S. 
ventronephnum, S pseudoacetabulum, S cryptopa and others 
have only been collected m restricted territories 
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Stenostomum are easily obtained from springs, ponds, 
lakes, slowly running streams or swamps by simply collecting 
a thin layer (about 1/2 inch) from the floor of the water bed 
or by collecting sediment-covered aquatic vegetation. We 
have made satisfactory collections at the very edge where the 
water was scarcely an inch deep and at a depth of several 
feet As a rule winter collections are more satisfactory at the 
deeper levels. 

We usually place each batch of collected material in a 
small aquarium filled with water from the source of the col¬ 
lection Within a few days the culture becomes somewhat 
stagnant and the Stenostomum rise to the surface where they 
may be easily isolated with a pipette If the site of collection 
was well selected such a culture will usually yield numerous 
individuals of from 3 to 5 species 

Most species may be maintained m pure culture in wheat- 
grain infusions Such infusions are prepared as follows Place 
seed wheat in cool spring water, heat to a boil and allow to 
cool Add 4 grains of this wheat to 250 cc. of spring water 
(previously boiled, cooled and aerated) in a culture dish and 
allow to stand for three or four days—long enough for bac¬ 
terial growth to get well started—and then inoculate with 
Stenostomum , protozoa, etc from the collection We have 
maintained a clone of >S lenmcaudatum, by subculturing it 
about every six weeks, in such infusions for 11 years Some 
species, however, do not culture readily by this method. We 
have found that S arevaUn, S. glandulosum and S. jrredatonum 
require other species of Stenostomum as food. We have been 
unable to culture satisfactorily S tncaudatum We have in¬ 
cluded with the specific descriptions notes on culture. 

Reproduction is generally by fission and in most species is 
fairly rapid. We have had as many as 3 asexual generations 
m 24 hours from the small variety of S vtrgintanum and for 
the Bame variety we have had a specimen live three weeks 
without food during which time it did not divide and pro¬ 
gressively became smaller The larger species usually divide 
more slowly than the smaller species Child (1902a) de- 
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scribed rather thoroughly the morphological changes associ¬ 
ated with the process of fission. 

Sexual reproduction has not been observed for all species. 
Sexuality generally occurs intermittently and, as has been 
pointed out by Sekera (1903b), Kepner, Carter and Hess 
(1933) and others, is apparently dependent upon environ¬ 
mental factors. In nature we have collected S. tenuicaudatum 
sexually mature as females in the fall of the year and Child 
(1901) and others have reported sexuality in specimens col¬ 
lected at that time of year. Kepner, Carter and Hess report 
the collection of 8 oeaophagtum (variety of S grande) Bexually 
mature as males dunng the last week of August and during 
September but not during other months. They maintained 
cultures of S. oeaophagtum always sexually mature as males 
and intermittently as females. We have maintained cultures 
of this species ( S grande) for 4 years always sexually mature 
as males but no female gonads have appeared. On the other 
hand, we have maintained 8. tenuicaudatum in wheat-grain 
infusions for 11 years without the appearance of any sexuality 
during which time more than 1000 asexual generations have 
passed 

The single, lobulated testis hes in the antero-dorsal pha¬ 
ryngeal region and opens dorsally by a pore. The ova are 
formed and supposedly undergo their early development in 
the pseudocoel. There are no ducts associated with the 
female gonads Keller (1894), Sabussow (1897), Sekera 
(19036, 1906), Kepner, Carter and Hess (1933), and others 
have contributed most of the information concerning sexual 
reproduction in Stenostomum. Probably the best discussion 
of sexuality in Stenostomum is that of Kepner, Carter and 
Hess on Bexuahty in 8 oeaophagtum 

For general information on the genus we would recommend 
such papers as those of Graff (1882), Graff in Bronn’s Klassen 
und Ordnungen des Tierreichs (1904-1908) and the later 
abstract numbers of Bronn’s, Graff (1913) and Bresslau 
(1933). We believe our bibliographic files are fairly complete 
on this genus up to the present date and we will be glad to 
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supply any special information from these files to those who 
may desire it 
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LABEL ABBREVIATIONS FOR PLATES 


< 77 , cerebral ganglion 
co, t audal outgrowth 

ер, ciliated pita 

do, dorsal caudal outgrowth 
e, posterior division of pharynx 

ес, epidermic cross-section 
en, enteron 

ep, surface view of epidermis 
ept, surface of ventral epidermis 
ept, surface of dorsal epidermis 
eg, epidermal body 
ese, epidermal gland 
ev, enteric vacuole 
/, free cells of pseudocoel 
g, intestinal gland cell 
gg t gland of grasping organ 
gt, glsxard 

go, tentacle-bearing “grasping organ ” 
of pharynx 


l, lip 
le, long cilia 
tn, mouth 
rod, mandible-like lip 
o, ovary 
ph, pharynx 
ph g , pharyngeal glands 
pn, protonephridmm 
r, radial muscle fiber 
rb, light refracting body 
g, ventral view of epidermis showing 

rhabdite free tracts 
t, testis 

tf>, cephalic tubercle 
v, vesicle of light refraining body 
vo, ventral caudal outgrowth 
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Plate I 

Fia 1 Dorsal view of Htmoniomum pegephilum A, outline of anterior ond 
to show a characteristic shape assumed, B } outline of median dorso-ventr&l section 
of anterior end, C } chain of 2 soouis, D, section of epidermis to show rhabditee, 
general ciliary coat and large Benu-ngid cilia 

Fig 2 * Ventral view of Stenoetomum mcmbranotum 
I*ia 3 Ventral view of Stenrmtomum tuberculatum chain of 4 zooids 
numbered to indicate relative age of fission planes, B, trans-section through mid 
region to show ventral concavity, C, outline lateral view of anterior end to show 
position of tubercle 

* Redrawn from Kepner and Carter (1031) 








288 JOHN W NUTTYCOMBK AND AUBREY J WATERS 


Pirate IT 

Via 1 * Dorsal view of Stenoatomum taurirum 

Fig 2 * Ventral view of StenaaUmwn brrwpharynffium 

Fig 3 * Dorfial view of Stenoitomum simplex 

♦Redrawn from Kepner and Carter (1931) 
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Plate III 

l'ia 1 Dorsal view of Stenoatomutn gtandulosufn A , lateral view of an¬ 
terior region showing shape of pharynx, B, chain of six zooids with numbers indi¬ 
cating relative age of fission planes, C, section through epidermis showing rosette- 
shaped gland cells and general ciliary coat, D, rosette-shaped gland cells, E % two 
unusual patterns of light refracting bodies 

Fia 2 Dorsal view of Stenostomum arevabn A , lateral view to show posi¬ 
tion of developing caudal outgrowth at new fission plane, if, ventral view of de¬ 
veloping caudal outgrowth at new fission plane, C, highly magnified entenc epi¬ 
thelium just back of pharynx to show heavy granules (cilia not shown), D % chain 
of eight aooids with numbers indicating relative age of fission planes, E f proto- 
nephndium with translucent inclusion, F f highly magnified epidermis showing 
rhabdftes, epidermal body and general ciliary coat, G, highly magnified enteric 
epithelium from region about middle of animal (cilia not shown), //, unusual pat¬ 
tern of light refracting bodies, J t outline shape of epidermal body 

Fig 3 Dorsal view of Steno&tomum pteudoacelabulum B, lateral, optical 
view of anterior end of animal to show protruded “lips", C, lateral, optical view of 
anterior end of animal to show “lips’' folded into oral cavity, D t lateral, optical 
view of fission plane showing formation of caudal outgrowth, mouth and pharyn¬ 
geal region, E t section showing enteric epithelium, peeudocoel, radial musculature, 
epidermis with rhabdites and general ciliary coat, F, chain of eight aooids with 
numbers indicating relative age of fission planes, 0 , posterior end of animal showing 
caudal outgrowth and opening of protonephndium 
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Plate IV 

Fio 1 Dorsal view of Strrutstomum tenmcaudatum A and B, lateral and 
dorsal aspects of anterior region to show pharyngeal shape and relationships! C, 
section through epidermis showing rhabdites, general ciliary coat and a long semi¬ 
rigid cihum, l), rham of five zooids, with numbers indicating relative age of fission 
planes 

Fig 2 Dorsal view of Stermtomum uronephnum A, vaneties of light 
refractive bodies 

Fio 3 Dorsal view of Sienoslomurn prrdaianum A, chain of nine xooidfl 
with numbers indicating relative age of fission planes, B f optical sagittal section 
of anterior end showing mouth and slight prooral pharyngeal region, C t outline of 
mouth at rest and open, /), epidermis showing general ciliary eoat and scmi-ngid 
cilia 
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Plate V 

Fig 1 Dorsal view of Stenontoinum grande A f section of epidermis show¬ 
ing rhabdites, general ciliary coat and semi-rigid cilia, B, schematic crosr section 
through animal showing epidermis with ventral rhabdite free tracts 

Fio 2 Ventral view of Stenoslomum tahm& A , diagram showing ex¬ 

tremely long, stiff cilia, B, section through epidermis showing general ciliary coat 
Fig 8 Dorsal view of Stenoetomum vtrgtntanum A, lateral view of an¬ 
terior end showing mouth and pharynx, B, ventral view of anterior end, C, section 
showing entem epithelium (cilia not shown), epidermis with rhabdites, general 
ciliary coat and long semi-rigid cilia, D, varieties of light refracting bodies, E t 
chain of eight zoouls with numbers indicating relative age of fission planes. 



PLATE V 
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Plate VI 

Fig 1 Dorsal view of Stenoxlomum vcntronrphnum A, section of epi¬ 
dermis at anterior end showing large rhabdites, B, section of entenc epithelium, (\ 
chain of three zooids m ith numbers indicating relative age of fission planes, D t 
optujJ, sagittal section through posterior end (shoeing protonephndiopore 

Fig 2 Dorsal view of Stcnostnmum cryptopn A f optical sagittal section 
through anterior end showing mouth, pharynx, pharyngo-entenc sphincter and 
entorou, ft, chain of four aooids with numbers indicating relative age of fission 
planes, <\ section showing enteric epithelium (cilia not shown), pseudocoel, radial 
musculature, epidermis with rhabdites, general ciliary coat and long semi-rigid 
cilia 
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Plate VII 

Fig 1 Dorsal view of StervaUmum anaps A , optical section, in outline, of 
anterior end, JJ, chain of 4 zooide numbered to indicate relative age of fission 
planes, (\ enlarged section of epidermis to show 11 rosette n body, rhabdites and 
cilia, f), enlarged enteric cells (cilia not shown) 

Fig 2 Ventral view of SUmoaiotnum tncaudalum A t outline of brain from 
dorsal side to show light refracting bodies of right side, B, outline of two^sooid 
specimen from side to show development of ventral caudal outgrowth at fission 
plane, C, section of epidermis to show epidermal bodies, rhabdites, cilia, D t two of 
tentacular organs, one showing the large inner cells 

Fra 3 Dorsal view of SterwUomum kepnen A , optical section, in outline, 
of an anterior end, £, chain of 3 sooids numbered to indicate relative age of fis¬ 
sion planes, (\ section of epidermis to show cilia and rhabdites, J>, optical sec¬ 
tion of posterior end to show jiosition of protonophridiopore 
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Plate VIII 

fia 1 * Dorsal view of 8icnontomnm cthaium /?, varieties of light 
fmrting bodies showing single, double and triple rod-shaped granules 
Fig 2 * Dorsal view of *S tetimtomum mandibulatum 

* Redrawn from Kopner and Carter (1031) 
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INFLUENCE OF THE GROWTH OF THE HOST ON 
OAT SMUT DEVELOPMENT 1 

GEORGE M. REED 

Curator of Plant Pathology, Brooklyn Botanic Garden 
(Communicated by Albert F Blakesley) 

Abstract 

The oat smuts penetrate the oat plant m the seedling stage, the mycelium 
continuing to develop for several weeks m intimate association with the embryonic 
host tissues External factors, such as soil temperature and soil moisture, 
influence penetration 

This investigation is concerned with the question whether marked changes 
in the growth of the host from the seedling stage to maturity, involving the length 
of the growing period, the height and tillering of the plants, and the development 
of the panicles and spikelets, influence the final development of the smut organism 

Definite strains of oats, varying in their known reaction to specialized races 
of UatiloQO avencs (Pers ) Jens and U levts (K & 8 ) Magn , were inoculated and 
grown under varied conditions of illumination and mineral nutrients supplied 
Under artificial illumination, oats headed out several days to four weeks m 
advance of the non-illuminated controls, the plants being shorter, with fewer 
tillers 

Plants supplied with modifications of different nutnent solutions showed 
marked changes in the rate of growth, the extent of elongation of the steins, the 
amount of tillering, and also the time required from planting to the heading 
stage 

There seemed to be no definite relation between the growth of the host and 
the ultimate expression of the smut 

Introduction 

The intimate association between host and parasite fur¬ 
nishes fundamental problems for investigation Studies have 
been made to establish, if possible, some definite connection 
between their relation and the absorption of mineral nutrients 
by the host. Profound changes in the growth of plants are 
induced by modifications of the nutrients supplied. The 
results are especially evident m experiments involving the 
elements nitrogen, phosphorus and potassium, although*cal- 
dum, magnesium and iron produce striking results. In 

1 Supported in part by a grant from the Fenroee Fund of the American 
Philosophical Society Brooklyn Botanic Garden Contribution No 84 

paoorowoa or mix ahouoan raiLoeoratOAr. sociwrr, 

vou 78, no. a, junx, ieas aos 
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recent years, the important role of traces of copper, man¬ 
ganese, boron and zinc, has been studied. 

The present investigation was earned out in order to 
determine whether changes m the rate of growth of the oat 
plant, the extent of elongation of the stems, the amount of 
tillenng, the size of the panicles and the number of spikelets, 
influenced m any way the ultimate development of the oat 
smuts. Marked vanations in plants were obtained by grow¬ 
ing different sets under various conditions of illumination and 
by modifications of the chemical nutrients supplied. 

Materials and Methods 

There are two distinct phases m the establishment of the 
association between the oat plant and the oat smuts* (1) the 
phase of penetration of the germ tube of the fungus into the 
host, (2) the phase of the subsequent development Of the 
mycelium within the host tissues. All the evidence points to 
penetration taking place in the young seedling stage, usually 
through the coleoptile while it is 2 cm. or less m length If 
the mycelium succeeds in reaching the embryonic tissue of 
the oat plant, it continues to grow along with the latter, and 
thus a very intimate relation is established between the grow¬ 
ing tissues of the two organisms which continues for weeks or 
even months. At the stage of flowering, with the develop¬ 
ment of the young ovule, the mycelium of the fungus grows 
very rapidly and soon passes into the spore-forming stage. 
The final result is the replacement of the flowering parts by 
the dusty mass of black spores. In the covered smut, the 
glumes are left somewhat intact, while m the loose smut they 
are more or less completely destroyed. 

The investigations of Bartholomew and Jones (1023), 
Jones (1023), and Reed and Fans (1924) have demonstrated 
that the cnvironal factors of temperature, soil moisture and 
soil reaction, are very important in the initial penetration of 
the oat smuts into the host plant. A temperature of approxi¬ 
mately 20° C., a low soil moisture content, and a neutral reac¬ 
tion of the soil seem to be most favorable. Sand has proved 
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to be an excellent substratum for germinating the seedlings, 
having several advantages over soil. 

Special strains of oats, as identified by their seed numbers 
and which have been grown for many years, were used —Avena 
sativa L. Black Mesdag (70), Canadian (119), Danish Island 
(149), Early Champion (150), Gothland (152), Monarch (161), 
Scottish Chief (124); A byzantina C Koch. Fulghum (129 and 
1000); A. brevis Roth (289), A. fatua L. (908). The seeds 
were carefully selected and, after the hulls were removed, 
were inoculated with dry spores and planted m sand m 
paraffin cups with a moisture content of about 20 per cent of 
the holding capacity They were germinated at a constant 
temperature of 20° C. The sand was thoroughly washed and 
sifted, passing through a 20 mesh sieve, but not through a 40 
mesh 

The seeds were planted at a depth of about one inch, 
usually emerging from the sand m four days. Generally, 20 
seedlings were grown in each cup. Two or three days later, 
when the seedlings were about an inch high, they were trans¬ 
planted to pots or jars, where the plants were grown to ma¬ 
turity. Several cups of seedlings of a variety were needed 
for each experiment and, on transplanting, the seedlings from 
each cup of a variety were thoroughly distributed throughout 
the pots. In the earlier experiments, the plants were grown 
to maturity in 12 inch azalea pots which were filled with 
ordinary loam soil to which sand had been added While it 
was low in fertility, it contained sufficient nutrients for the 
full development of the control plants. However, responses 
to the addition of various fertilizers were marked. In 1935 
a few preliminary experiments were carried out in which 
sand was used as a substratum for growing the plants to 
maturity and in 1936 and 1937 this material was used ex¬ 
clusively. When soil was employed as a substratum there 
were, of course, many unknown nutritive materials present. 
To a less extent, this was true also in the sand cultures, since 
traces of various substances might remain after the washing. 
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The existence of racial specialisation in both species of 
smuts has been demonstrated by Reed (1924, 1929), Reed 
and Stanton (1936), Sampson (1925) and Nicolaisen (1931). 
Some oat varieties are highly susceptible to one specialised 
race and correspondingly resistant to another Accordingly, 
the experiments were earned out with specific races of Uatilago 
avenoe (Pers ) Jens and U levis (K & S.) Magn., specialised 
Race 1 of each of these species being used m most experiments 
Avente 1 at different times was used to inoculate Canadian, 
Scottish Chief, Danish Island, and Gothland. With the ex¬ 
ception of Scottish Chief, which usually has given a variable 
percentage of infected plants, all of these varieties are fully 
susceptible to this race of smut Levis 1 was used to inoculate 
the susceptible varieties Canadian, Early Champion and 
Monarch. Danish Island, a vanety which does not give 100 
per cent infection with this race, was giown in a few experi¬ 
ments A vena brevis was also used to some extent. An 
occasional plant of this oat is attacked, infection, however, 
practically never occurs on the main stalk, appealing only on 
the lateral branches, which remain conspicuously shorter than 
the normal 

In some experiments other specialized races were used. 
Avenai 9, the Fulghum race, is characterized by its abihty to 
infect the Fulghum oats, although it rarely produces 100 per 
cent infection Avente 10 is a loose smut characterized by its 
abihty to attack Red Rustproof oats and Avena fatua (968) 

Levis 2 was used to inoculate Monarch and Avena brevis, 
the former being resistant while the latter, under favorable 
conditions, gives 100 per cent infection. Levis 7 is a Fulghum 
race of covered smut, characterized by its peouliar ability to 
attack not only Fulghum strains of oats, but also Black 
Mesdag. It is unusual, however, to obtain 100 per cent in¬ 
fection on these varieties. 

Experimental Results 

In the course of investigations, extending over a period of 
years, on the influence of environal factors on the infection of 
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TABLE 1 


Results for 1033 with UMago avtw —Rack 1 





BoottUh Chief 


r 


Gothland 




Ht PI, 
Inoh.es 

No 

Plante 

No 

Inf 

Per 

Cent 

Ht PI, 
Inches 

No 

Plant* 

No 

Inf 

Per 

Cent 



Inf 

N 

Inf 

Inf 

N 

Inf 

1 

Illuminated 

24 

32 




27 

_ 

20 

20 

100 

2 

N on-illuminated 

28 

34 




81 

— 

20 

20 

100 

3 

Nitrogen added 

48 

59 

20 


20 

44 

62 

19 

18 

95 

4 

Lithium chlonde added 

42 

46 

20 


25 

33 

— 

15 

15 

100 

5 

Zinc sulphate added 

33 

37 

20 


20 

30 

38 

mm 

18 

MJM 

a 

Potassium added 

35 

41 

20 

8 

40 

27 

36 

20 

19 

05 

7 

Phosphorus added 

28 

32 

20 s 

a 

30 

30 

— 

20 

20 

100 

8 

Magnesium sulphate 
added 

24 

29 

20 

9 

45 

22 

— 

01 

20 



Abbreviations used in tables Ht, height, PI, plants, Inf, infected, N, 
normal 

Started January 10 Plants grown in 12 in< h azalea pots, filled with equal 
parts of soil and sand 

One set illuminated with 200 watt lamps February 1-11 from 4 30 to 10 p m , 
February 12-April 1 from f> 30 to 10 P M 

In the nutrition senes, 1 liter of each solution was supplied February 1, 15, 
March 1, 15, 31 The solutions employed were 1 per cent NaNOi, 0 5 per cent 
KC1, KHiPO<, and MgSO*, 0 1 per cent LiCl and ZnSO< for the first two applica¬ 
tions and 0 05 per cent for the others See FigB 2A and 2B 
1 Figure in parenthesis indicates partially smutted plants 
* On March 1 received an application of magnesium sulphate in error 

TABLE 2 


Results for 1033 with Uatilago Race 1 



Early Champion 

| Monarch 

Ht 

Int 

Inf 

Pi. 

hw 

N 

No 

Plant* 

No 

Iof 

Per 

Cont 

Inf 

Ht 

tnokw 



Per 

SS' 

1 

Illuminated 

24 

_ 

20 

ao(5) 

100 

27 

20 

20 

100 

2 

Non-iUuminated 

42 

51 

20 

19 

95 

40 

20 

20 

100 

3 

Nitrogen added 

44 

54 

19 

16 

84 

51 

20 

ao 

100 

4 

lithium chlonde added 

35 

Ej] 

18 

15 

83 

87 

20 


100 

5 

Zinc sulphate added 

42 

42 

20 

19 

95 

45 

19 

sTJ 

100 

6 

Potassium added 

as 

57 

20 

15 

75 

30 

mm 

El 

100 

7 Phosphorus added 

38 

48 

20 

19 


41 

19 

19 

100 

8 

Magnesium sulphate added 

29 


19 

19 


27 

19 

19 

100 


See footnotes to table 1 
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TABLE 3 

Results for 1035 with IhtUago avence —Race 1 



Scottish Chief 

Gothland 

No 

PI ente 

No 

Inf 

Per 

Cent 

Inf 

No 

Plants 

No 

Inf 

Per 

Cent 

Inf 

1 

Illuminated 

20 

16 

80 

20 

20 

100 

2 

Illuminated—NaNO* added 

20 

13 

65 

20 

20 

100 

3 

Non-illuminated 

18 

11 

61 

20 

20 

100 

4 

Non-illuminated— NnNOs added 

20 

12 

60 

19 

19 

100 

5 

Full nutrient solution 

20 

15(1) 

75 

20 

19 

95 

6 

Potassium omitted 

20 

35 

75 

20 

20 

100 

7 

Phosphorus omitted 

20 

10 

50 

20 

20 

100 

8 

Full nutnent—LiCl added 

20 

14 

70 

20 

20 

100 

9 

Full nutnent—Znfl0 4 added 

20 

16 

80 

20 

20 

100 

10 

Lithium nitrate 

20 

17 

85 

20 

20 

100 

U 

Lithium chionde 

20 

16 

80 

20 

20 

100 

12 

Zinc nitrate 

20 

13 

65 

20 

20 

100 


Started January 15-10 Plants grown in 12 inch azalea pots filled with equal 
parts of soil and sand One set illuminated with 200 watt lamps February 8-28 
from 5 30 to 10 p m , March 1-28 from 6 to 10 p it A 1 per cent solution NaNO« 
applied to Exp 2 and 4 

Full nutnent solution was 1 g Ca(NO,) s , 0 25 g each MgSO< and KHjPCh 
per liter In Exp 0, NaHiPCL was substituted for KH|P0 4 , and in Exp 7, KC1 
for KH.PO*. 

In Exp 8 and 9,0 25 g LiCl and ZnSO« per liter were added, and in Exp 10, 
11, and 12, solutions containing 0 25 g LiNO», LiCl, and Zn(NOi)* per liter were 
applied 

On February 11 and 12, 500 cc of the solutions were applied to each of the 
pots, second and third applications of 1 liter were made on February 28 and 
March 19 

See Figs 3Aand3B 


TABLE 4 

Results for 1935 with Vsttlago aventr —Races 9 and 10 



Race 9 

Race 10 

Fulghum (129) 

Fulgbum (1000) 

Afna/atua 

No 

Plants 

No 

Inf 

ft* 

No 

Plants 

No 

Inf 

Per 

Cent 

Inf 

No 

Plants 

S3 

9 

1 Illuminated 

2 Illuminated—NaNO? added 

3 Non-illuminated 

4 Nan-ttluininated~~NaNOa 
„ added 

A Full nutrient solution 

0 Potassium omitted 

7 Phosphorus omitted 

8 FuU nutrient—UC1 added 

9 FuU nutrient—ZnSOi added 

10 Lithium nitrate 

11 Lithium chloride 

12 Sue nitrate 

20 

19 

20 

20 

19 

30 

20 

20 

20 

20 

20 

20 

n 

18(1) 

1G 

16(A) 

14(1) 

18(3) 

i eh 

19(1) 

16(3) 

19(A) 

17 

17(3) 

| 

|j 

B 

1 

1 

19 

20 

20 

18 

io 

JO 

» 

so 

s 

10(2) 

16(4) 

1A 

loaf 

iaa 

H«> 

»L) 

AS 

7A 

80 

88 

83 

A0 

00 

AA 

30 

70 

8 


Bee footnotes to table 3. 
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oats by the smuts, on the racial specialisation of the smuts, 
and the inheritance of smut resistance in oat hybrids, many 
experiments have been carried out which had a bearing on 
some phases of the present work The main experiments, 
however, were made m 1933, 1935, 1936 and 1937 In 1933 
and 1935 the inoculated plants were grown in a mixture of 
loam soil and sand, while in 1936 a clean grade of builders’ 
sand and in 1937 white beach sand was used as the sub- 


TABLE 6 

Results for 1935 with Uattlago levu —Race 1 



Danish Island 

Monareh 

danw Arens 

No 

Plants 

No 

Inf 

Per 

Cent 

Inf 

Ht 

PI, 

Inches 

No 

Plants 

No 

Inf 

Per 

Cent 

Inf 

No 

Plante 

No 

Inf 

Per 

Cent 

Inf 

1 Illuminated 

n 

7 

35 

86 

19 

fU 

iffi 

13 

m 

0 

3 Illuminated-NaNOi added 

o 

EG] 

44 

36 

20 

LB 

Enfl 

10 

8(8) 

43 

3 Nun-illuminated 


wm 

3A 

47 

18 

tjB 

100 

20 

ETQ1 

■Tim 

4 NoixUlumlnated ~N»NO> added 

30 

7 

3A 

A0 

18 

11701 

■EM 

18 

3(2) 

11 

A Full nutrient solution 

30 

0 

30 

46 

30 

20 

100 

18 

3(3) 

17 

A Potassium omitted 

30 

4 

30 

46 

19 

19 

■EM 

14 

BA) 

36 

7 Phosphorus omitted 

20 

3 

1A 

A0 

30 

30 

100 

19 

6(B) 

32 

8 Full nutrient—LlCl added 

30 

0 

30 

A0 


30 

100 

17 

6(6) 

36 

ft Full nutrient—ZnBO« added 

KB 

A 

36 

mm 

18 

16 

89 

17 

m 

18 

10 Utluum nitrate 

KB 

6 

30 

o 

30 

30 

100 

18 

4(3) 

22 

11 Lithium chloride 

30 

5 

2A 

KB 

30 

20 

100 

14 

■jH 

0 

12 One nitrate 

18 

7 

37 

H 

20 

30 

100 

19 

6(6) 

32 


Bee footnotes to table 3 


TABIJE 6 

Results for 1935 with Usttlago levu — Race 7 



Black Mesdag 

Fulfffaum (139) 

Kulghum (1000) 


No 

Plants 

No 

Inf 

Per 

Cent 

No 

Plante 

No 

Inf 

p« 

Cant 

Ht. PL, 
Inches 

No 

VHm-tm 

No 

Per 

Cut 


luf 


Inf 

Inf 

N 





Inf 

1 Illuminated r 

) Uhuabated—NaNOe added 

3 NondJhuninated 

4 NondHundnated—NaNOs addad 
A PuQ nutrient solution 

6. Potaaidum omitted 

• fuHmMKit—ZaSOtwkhd 

13 Sne nitrate 

80 

30 

20 

30 

30 

18 

30 

19 

30 

90 

20 

20 

a 

P 

6(3) 

i 

10 

40 

35 

45 

3A 

39 

IB 

S3 

30 

90 

10 

A 

1 

fa 

30 

A5 

40 

45 

45 
40 
80 
37 

46 

33 

S3 

40 

SO 

87 

36 

43 
46 
46 

37 

44 

as 

39 

88 
89 

38 

41 

40 
49 

48 

49 

41 
48 
89 
46 
41 
48 

90 

30 

30 

19 

19 

30 

M 

8 

30 

30 

8 

13 

0 

.11 

9i 

7 

l \ 

101 

[1 

S 

1) 

40 

66 

45 

37 

88 

45 

8 

85 

40 

80 


See footnotes to table 3 
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TABLE 7 


Rbsui-to for 1030 and 1037 with UstUago amm — Rack 1 



Y**i 

Bcottieh Chief 

Gothland 

Ht Pi J 
Inchm 

No 

PliintB 

No 

Inf 

Per 

Cent 

Inf 



S3 

Cent 

Inf 

Inf : 

N 

Q 

N 

l No nutrient 

1936 

8 

12 

20 

14(1) 

70 

n 

12 

18 

17 

95 


1937 

7 

13 

14 

11 

70 

12 

— 

15 

15 

100 

2 FuJl nutrient 

1936 

38 

61 

20 

12 (1) 

60 

m 


20 

20 (1) 

100 


1937 

22 

24 

15 

12 

80 

25 

— 

15 

15 

100 

3 No nitrogen 

1936 

9 

13 

1 20 

12 

60 

12 

__ 

20 

20 

100 


1937 

m 

11 

16 

14 

03 

14 

— 

15 

15 

100 

4 Excess nitrogen 

1937 

31 

39 

15 

12 (1) 

80 

29 

— 

15 

15 

100 

« r > No potassium 

1936 

41 

49 

20 

18(1) 

76 

43 

_ 

20 

20 (1) 

100 


1937 

26 

26 

15 

13 

87 

22 

■ 

14 

14 

100 

0 Excess potassium 

1936 

41 

53 

20 

14 

70 

43 

B 

20 

20 

100 


1937 

26 

32 

12 

11 (1) 

92 

25 

B 

13 

13 

100 

7 No phosphorus 

1936 

11 

16 

20 

14 

70 

15 

22 

19 

18 

95 


1937 

16 

23 

15 

13 

87 

22 

B 

15 

15 

100 

8 Excess phosphorus 


38 

47 

20 

15 1 

76 

46 

B 

18 

18 

100 


1937 

24 

34 

15 

12 

80 

24 

E 

13 

13 

100 


In 1030, duplicate nets were started on January 0 and 23 Plants were grown 
in 3 gallon croiks filled with well washed builders’ sand 
x«, Si® fuJ1 “ utrient consisted of 1 g Ca(NO,)„ 0 24 g each MgSO« and 

KHjPO* per liter In Exp 5, NaH*P0 4 wm substituted for KH*F0 4 , and in 
Kxp 7 , KC1 for KHtPO* In Exp 6 and 8, 0 75 g of KC1 and NnHaPOi per 
Iitor *ere added 


llt ? r 80 ^ utl0n u a® applied on January 22 in the first senes, and in 
the first and second senes on February 6, 20, and March 17* 

In 1037, the experiments were started January 7 Pitots wen grown in 3 
gallon crocks filled with well washed beach sand The same rotations were used 
as in the previous year In Exp 4, 0 78 g NaNO, per liter was added 
Marchl Uter W “* ttPfJled ta the eulture * on January 21, February 1,16, and 
See Fig 4 
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stratum. Brief reports on the results obtained have been 
made (Reed 1936, 1937). 

The data are recorded in tables 1 to 9, and Figs. 1 to 4 
illustrate the characteristics of the plants grown in some of the 
experiments. In the tables, information is given regarding 
the varieties of oats and the races of smuts used, with the per¬ 
centages of infection obtained The notes supply miscel¬ 
laneous details regarding the substratum m which the plants 
were grown, the composition of the nutrient solutions and 
their method of application, as well as information regarding 
the periods of illumination. 


TABLE 8 

Results for 1936 and 1037 with Usttlago lew*— Race 1 



Ynar 

Danish Island 

Monarch 

Ht PI . 
Inches 

No 

Plant* 

No 

Inf 

Per 

Ont 

Inf 

Ht PI 
Inch** 

No 

Plant* 

No 

Inf 

Per 

C-ent 

Inf 

Inf 

\ 

Inf 

N 

l 

No nutrient 

1936 

15 

14 

20 

2 

10 

13 

7 


18 

95 



1937 

10 

12 

15 

8 

53 

13 

— 


15 

100 

2 

Full nutrient 

1036 

37 

52 

20 

4 

20 

31 

P 

20 

10(1) 

95 



1937 

23 


12 

3 

25 

31 

— 

15 

15 

100 

3 

No nitrogen 

1936 

17 

15 

20 

1 

5 

13 

_ 



100 



1937 

13 

16 

lfi 

H 

47 

11 

— 


14 

100 

4 

Excess nitrogen 

1937 

32 

35 

15 


67 

37 

— 


15 

100 

6 

No potassium 


35 


20 


15 

42 

_ 


rm 

100 



1937 

22 

32 

15 


40 

31 

— 

15 

15 

100 

0 

Excess potassium 

1936 

38 

61 

19 


11 

51 



20(2) 

100 



1937 

27 

Eg 

15 

e 

60 

37 

— 

14 

14 

100 

7 

No phosphorus 

1936 

16 

18 

20 

4 

20 

14 

16 

m 

17 

86 



1937 

19 

! 33 

15 

8 

63 

17 

— 

14 

u 

100 

► 

8 

Excess phosphorus 

1936 

33 

53 

20 

2 

10 

43 

84 

20 

19 

95 



1937 

26 

37 

16 

a 

67 

m 

E 

14 

14 

100 


See footnotes to table 7 
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In most of the tables, data regarding the growth of the 
plants are supplied The length of the main stem and the 
extent of tillering were used as criteria in determining the in¬ 
fluence of the varied conditions Usually, in such experi¬ 
ments, the dry weight of the plants is determined In these 
experiments, however, such data would be quite unreliable 
on account of the great differences in the dry weight of 
smutted and normal plants 

Experiments on Illumination 

An experiment was carried out in 1929 in which Canadian 
was inoculated with Avenas 1 and Levis 1. The seed was 


TABLE 9 

Result* for 1936 and 1937 with Ustilago letntt — Race 7 



Year 

Black Meadas 

Fulghum (1000) 

Ht pi, 

Inches 

No 

Plante 

No 

Inf 

Per 

Cent 

Inf 

lit PI, 
Inches 

No 

Plante 



Inf 

N 

Inf 

N 

1 No nutrient 


14 

17 

20 

15 


15 

14 

20 

8(3) 

40 


i 1937 

,13 

10 

j 13 

no) 


13 

18 

15 

11 

73 

2 Full nutrient 



42 


cm 


32 

42 

El 

9(8) 

45 


1937 

30 

27 

15 

14(2) 

93 

29 

28 

14 

12(4) 

86 

3 No nitrogen 


18 

12 

20 

18 

90 

17 

18 

19 

8(3) 

42 


1937 

15 

15 

15 

14 

93 

15 

15 

14 

8(1) 

57 

4 Excess nitrogen 

1937 

34 

— 

14 

14(1) 

100 

26 


15 

14(7) 

93 

5 No potassium 

1936 

42 

43 

20 



_ 

46 

20 

3(3) 

15 


1937 

32 

31 

14 

12 

86 

25 

34 

15 

12(4) 

80 

6 Excess potassium 


m 

39 

20 

15(2) 

75 

34 

37 


9(6) 

45 


1937 

34 

3b 

15 

12 

m 

27 

44 

15 

14(8) 

93 

7 No phosphorus 


15 

14 


13 

65 

11 

16 

19 

8(8) 

40 


1937 

22 

23 

15 

13 

87 

19 

25 

15 

11 (2) 

73 

8 Excess phosphorus 

1936 

39 

39 


U 

55 

31 

39 

19 

6 (1) 

30 


1937 

33 

22 

LH. 

13 

87 

26 

32 

15 

14(8) 

93 


See footnotes to table 7 
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usual greenhouse conditions and another was arti 
inated from February 10 to April 1. The charac 
■ences in the plants grown under the two eonditk 
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Additional experiments were earned out in 1933, the data 
being recorded in, Tables 1 and 2, and some of the plants are 
illustrated m Figs. 2A and 2B A final series was grown in 
1935, the data being recorded in Tables 3 to 6, and some of 
the plants illustrated by Figs 3A and 3B 

The effect of illuminating the plants was to shorten greatly 
the time required for them to reach the heading stage. The 
difference varied with the varieties, but usually amounted to 
from two to four weeks. The illuminated plants produced 
relatively few tillers In contrast, the non-illummated 
plants, varying with the variety, usually produced one or 
more side branches, the main branches also being considerably 
taller In 1935, a 1 per cent solution of sodium mtrate was 
added to one set of the plants in both series The effect of 
the nitrogen was to increase the amount of growth and the 
extent of tillering. 

These marked variations m the rate and extent of growth 
of the oat varieties showed no conspicuous diffetence m their 
effect upon the percentage of infected plants In 1929, all 
the plants of Canadian m both senes inoculated with Avense 1 
and Levis 1 gave 100 per cent infection Gothland, inoculated 
with Avense 1 m 1933 and 1935, gave 100 per cent infection 
in practically every experiment Scottish Chief in 1933 gave 
somewhat higher percentages of infection in the non-illu- 
minated as compared with the illuminated senes, while m 
1935 the reverse was true The percentages of infection in 
the illuminated and non-illuminated plants supplied with 
sodium nitrate m 1935 were practically the same 

Usually, all of the plants of Monarch inoculated with 
Levis 1 were infected, and Early Champion also gave high 
percentages of infection. In 1935 no infected plants of 
A vena brevu were recorded in the illuminated series, while in 
the non-illuminated 50 per cent were smutted. However, m 
the corresponding series supplied with sodium nitrate 42 per 
cent infection of the illuminated plants was obtained and only 
11 per cent of the non-illuminated. Danish Island in 1935 
gave essentially the same result m all of the experiments. 
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In 1935, Avense 9 gave practically the same results on the 
two strains of Fulghum in the illuminated as compared with 
the non-illuminated plants, somewhat higher percentages 
being obtained in the senes supplied with sodium nitrate. 
A vena* 10 on Avenafatua gave somewhat higher percentages 
of infection m the non-illuminated series. Levis 7 seemed to 
give no consistent differences in the number of infected plants 
of Black Mesdag and the two strains of Fulghum m the 
illuminated and non-illuminated series. 

Influence of Nutrition 

Experiments on the influence of various nutnent salts, 
particularly those which contained nitrogen, potassium and 
phosphorus, were carried out. The extensive data obtained 
are recorded in tables 1 to 9 Essential details regarding the 
experiments are given m the footnotes. Figs. 2A to 4 illus¬ 
trate some of the cultures grown m the different senes 

The addition of nitrate to the cultures increased the height 
of the plants, beanng longer and broader leaves of a deeper 
green color The plants tillered extensively, and the panicles 
produced were larger, with numerous spikelets The dif¬ 
ference between the plants supphed with nitrate was more 
matked m the sand cultures of 1936 and 1937 than m the soil 
cultures of the earlier years. Gothland, in 1936, growing in 
sand without any nutrient solution, averaged 11 inches m 
height, without nitrogen but with potassium and phosphorus 
supplied, 12 inches, while in the full nutrient solution the 
average height was 39 inches. An examination of the tables 
will reveal similar differences in the growth of the other oat 
varieties 

The results of growing the plants with and without phos¬ 
phorus were also striking, particularly in the sand cultures. 
When Gothland was grown in a full nutrient solution, the 
plants averaged 39 inches in height, while in the experiment 
without phosphorus they averaged 15 inches. 

There were no marked differences m the plants grown with 
and without a supply of potassium, especially in the soil 
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cultures. In the sand cultures of 1936, excess potassium 
appeared to make a difference in the total amount of growth. 

The profound changes in the rate and extent of growth of 
the varieties m the various experiments did not seem to affect, 
in any significant way, the percentages of infection Goth¬ 
land inoculated with Avenue 1 usually gave 100 per cent in¬ 
fection. Scottish Chief continued to give variable percentages 
of infection, but a detailed examination of the tables reveals 
no consistent relation to the supply of nitrogen, phosphorus 
or potassium It may be noted, however, that the percentage 
of smutted plants was higher in 1937 than in previous years 

In 1935, two strains of Fulghum were inoculated with 
Avenue 9, and Avenafatua with Avenue 10. There were slight 
differences in the percentage of infection m the different 
experiments, but no indication that they were correlated m 
any way with the nutrients supplied 

Monarch and Early Champion, inoculated with Levis 1, 
usually gave 100 per cent infection Danish Island, in 1935 
and 1936, gave variable percentages of infection, but no rela¬ 
tion to the nutrients supplied is indicated. In 1935 smutted 
plants of Avena brevis appeared in all of the experiments, the 
percentage varying from 17 to 36. In every case the infected 
plants were partially smutted, the main stem being normal 

Avena brevis, inoculated with Levis 2 in 1935 and 1937, 
gave complete infection of every plant in the experiments, 
while negative results were obtained on Monarch, except for 
one smutted plant in a single experiment which, however, may 
have been a stray infection with Levis 1. Black Mesdag and 
two strains of Fulghum were inoculated with Levis 7. There 
were some minor differences in the percentages of infection m 
the experiments, but no clear-cut relation to the nutrients 
supplied. 

In some experiments, lithium chloride, lithium nitrate, 
sine nitrate and zinc sulphate were applied to some "of the 
cultures, the most extensive data being obtained in 1935 with 
ail the different races of smut. The salts of lithium and sine 
were likely to prove somewhat injurious to the plants and 
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consequently dilute solutions had to be used. The nitrates 
of both lithium and zinc produced a luxuriant growth of the 
varieties, indicating the effect of the nitrogen. 

The data are recorded in Exps 8 to 12 in Tables 3 to 0. 
In these experiments Gothland, inoculated with Aven® 1, 
gave 100 per cent infection, while Scottish Chief varied from 
65 to 85 per cent Aven® 9 on the two strains of Fulghum 
gave infections varying from 78 to 100 per cent, the percentage 
of infection of Avena fatua inoculated with Aven® 10 varied 
from 50 to 70 

Monarch, inoculated with Levis 1, usually gave 100 per 
cent infection, while the percentage of smutted plants of 
Danish Island varied from 25 to 37, and of Avena breme from 
0 to 35 per cent. It may be noted, in connection with Table 5, 
that no stooling occurred in the two experiments where no 
infected plants were recorded. All the plants of A. brevis 
inoculated with Levis 2 were infected, while Monarch gave 
negative results Levis 7, on the two strains of Fulghum, 
gave percentages varying from 32 to 60, and on Black Mesdag 
from 5 to 32 

Discubsion 

On the basis of the experimental data presented, the 
growth of the oat plant, greatly influenced by variations m 
illumination and modifications of the nutrients supplied, has 
no significant effect on the development of the oat smut within 
the tissues. Susceptible varieties such as Gothland, Monarch 
and Avena brevis, inoculated with specific races of the smuts, 
were fully infected whether the plants were 12 inches or less 
m height with no tillers and few spikelets in the panicles, or 
4 to 5 feet tall with many side branches bearing broad leaves 
and large panicles with many spikelets Although the growing 
period may have varied from a few weeks to several months, 
there was no evidence of any change in the susceptibility or 
resistance of these varieties to the races with which they were 
inoculated 

Scottish Chief inoculated with Aven® 1, Danish Island 
and Avena brevis inoculated with Levis 1, Fulghum inoculated 
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with A venae 9, and A. fatua inoculated with A venae 10, in 
experiments extending over several years, have given a 
variable percentage of infected plants Such varieties, per¬ 
haps, might be expected to show greater responses to specific 
changes in growth, resulting in a significant change in the 
number of smutted plants Fulghum and A brevis also tiller 
out very extensively, and thus may give a higher percentage 
of partially infected plants There is no definite indication, 
however, that any of these varieties, inoculated with the 
specific races of smuts, have changed m their behavior The 
percentage of infection still continued variable and without 
any relation to the particular treatment applied In two ex¬ 
periments in 1935 (Table 5), A. brevis gave negative results 
with Levis 1. It is characteristic, however, of this species to 
be infected with this race of smut only in the lateral branches 
and, unless tillering takes place, no evidence of infection may 
appear 

Lasser (1937) has studied the influence of light and yaro¬ 
vization on the infection of certain cereals by the smuts No 
conspicuous differences in the behavior of varieties of spring 
wheat, inoculated with Tilletia tntici, were recorded under any 
of the conditions, high percentages of infection usually being 
obtained in all of the experiments On the other hand, four 
varieties of winter wheat, when subjected to yarovization, gave 
lower percentages of infection than the non-yarovized plants. 
However, no important variations m the percentage of infec¬ 
tion under different conditions of illumination were recorded. 
Neither yarovization nor illumination had any obvious effect 
in influencing the amount of infection with loose smut of 
wheat and of barley. Lasser also recorded marked differences 
in the development of oat plants under various conditions of 
illumination and yarovization, but no significant variations in 
the percentages of smut were recorded. 

The experiments of Gaines (1923) and Smith (1932) indi¬ 
cated that the long growing period of fall-planted wheat, as 
compared with spring-planted, may exert an influence upon 
the subsequent development of bunt Faris (1924) also 
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offered some evidence for a similar condition in the covered 
smut of barley. 

Many investigations have been carried out on the influence 
of fertilizers and mineral nutrients on rust and powdery 
mildew infection of various cereals. Spinks (1913) concluded 
that susceptibility to yellow rust on wheat and powdery 
mildew on wheat and barley was increased by supplying large 
amounts of available nitrogen, ammonium sulphate and 
sodium nitrate being equally effective Potash salts appeared 
to decrease the susceptibility, although it did not counteract 
the effect of large quantities of mtrogeneous manures Li¬ 
thium salts seemed to produce immunity, while the nitrates 
of lead and zinc rendered the plants very susceptible. A 
resistant variety, however, tended to retain its immumty to 
yellow rust even when supplied with an excess of mtrogeneous 
materials Many other investigators have found similar 
effects produced by mtrogeneous fertilizers Gassner (1915), 
Htakman and Aamodt (1924) and Armstrong (1922), as well 
as others, suggest that the spread of rust on plants supplied 
with nitrogenous fertilizers is favored because they are more 
vigorous, mature later, and provide excellent conditions for 
its development Turner (1922), Trelease and Trelease 
(1928) and Lowig (1933) found responses in the reaction of 
some of the cereals, grown in various nutrient cultures, to the 
powdeiy mildew Hursh (1924) and Lowig (1933) called 
attention to the changes m tissue structure which might 
account for the difference in infection of plants supplied with 
nitrates, as compared with those supplied with potash 

In all these experiments with rusts and powdery mildews 
it. may be that the influence of fertilizers and various chemical 
elements may be concerned as much with providing conditions 
favorable for penetration as for exerting an influence on the 
fungus after it has once entered. 

In considering the influence of the growth of the host on 
the subsequent development of certain diseases, it is important 
to recognize the difference m the relations between the para¬ 
sites and their host The rusts and powdery mildews of 
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cereals produce a very local infection. A small area is 
attacked and relatively few cells are invaded by the mycelium 
at any given point. The extent of the attack on the host will 
depend on the number of viable spores which are distributed 
over the surface of the leaves The cycle of development also 
is very brief. Under favorable conditions it is three to four 
days in the powdery mildew, while m the rusts it may be six 
to ten dayB. It also may be noted that in the rusts the 
mycelium develops in the parenchyma tissues of the interior 
of the leaf, while the powdery mildew is a surface parasite, 
sending haustoria into the epidermal cells Thus, the rela¬ 
tions of rusts and powdery mildews to their hosts are quite 
different from those of the oat smuts, which penetrate the 
seedling stage and, if successful, continue their development 
for long periods of time in close association with the embryonic 
tissue. 

Our investigations emphasize the importance of environal 
factors, such as soil temperature and the water content of the 
substratum, during the period of germination of inoculated 
qeed, for the infection of a susceptible oat variety. The sub¬ 
sequent development of the oat plant does not seem to influ¬ 
ence the fundamental resistance or susceptibility to the smuts 
Accordingly, the conditions during the phase of penetration 
of parasites must be controlled properly in order to draw any 
final conclusions regarding the influence of later growing con¬ 
ditions on their development 
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A STUDY OF THE ABSOLUTE DIMENSIONS 
OF ECLIPSING VARIABLES 
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Cambridge, Massachusetts 

(Communicated by Harlow Shapley) 

Abstract 

For more than eighty per cent of eclipsing variables only the relative dimen¬ 
sions are known, as determined from photometric observations Our ignorance of 
the masses, the result of a lack of spectroscopic observations, has been the chief 
handicap to a determination of absolute dimensions (radii, masses, and densities) 

The author has developed a formula for deriving the masses in an eclipsing 
system when the relative dimensions of the system and one of the spectra are 
known The formula is based on the laws of motion, the law of black body radia¬ 
tion, and the mass-luminosity relation (here considered empirically) The masses 
computed from the formula and observed directly are shown to be in agreement, 
with some exceptions which are discussed m detail 

The observed masses are used to derive a radiation temperature scale for 
eclipsing stars Finally, fifteen binary systems, of which two are spectroscopic 
binaries, not established eclipsing systems, are evaluated m respect to their 
absolute dimensions 

The paper discusses some of the largest stars the radii of which have ever been 
denved and some of the largest masses known for eclipsing variables Very low 
temperatures are involved for some of the fainter comjtonents 

1. There are only 35 eclipsing variables for which the 
masses are known, computed on the double basis of the 
orbital velocities of both components and the relative ele¬ 
ments denved from the light curve. There are, however, 
more than 25 eclipsing variables for which the orbital radial 
velocity for only one of the components has been observed, 
and there are more than 200 such systems for which only the 
relative dimensions are known. 

2. Since general recognition of Eddington’s mass-lumi¬ 
nosity relation, the eclipsing variables have often been used 
to compare the observed with the computed values* The 
comparisons have been made by the method proposed by 
Eddington himself: the absolute magnitude is derived, and, 

nooaSMMos or ms amwcah pkh/Osophioal aoetsnr, 
vou n, no. 8 , asmatsaa, 1988 
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after application of a temperature correction, the bolometric 
magnitude so computed is compared with the magnitude 
predicted from the mass In this way it Was found that the 
mass-luminosity relation is of the same character for both 
eclipsing variables and double stars, the latter, however, show 
a somewhat narrower range—not more than 10—in their 
masses, so that a direct comparison between the two groups 
of binaries can be made only for a limited number of systems 

3 Usually m a study of eclipsing variables one adopts a 
temperature scale based on general spectroscopic observations 
These variables, however, give an independent derivation of 
the temperature scale if the parallax is known The possi¬ 
bility of using this method was suggested by Russell, Dugan, 
and Stewart 1 m 1927 for j8 Aurigae, and it has been apphed 
independently by the author 2 for more than thirty compo¬ 
nents of eclipsing systems 

4 The three important problems, mentioned above under 
(1), (2), and (3), can be treated now in a new way* A 
partial discussion of the method has previously been given 
by the author 3 We write the following relations for a 
double star 


Wi + Oh = CiA 3 P~ 2 = »li(l + a), 

(1) 

L * afi*7V, 

(2) 

L — Cim 1 '* -1 ’, 

(3) 

R *= r A 

(4) 


We replace A in (1) by R from (4), then, replacing R by 
L and T. from (2), and, finally, replacing L by m from (3), 
we obtain the following general formula for computing the 

* See partial investigations of these problems by Holmberg, 4 Ptlowski,* 
Kreiken,* and Risworth 7 

1 Aetrommy, Russell, Dugan, and Stewart, II, 760,1027. 

' A N , 248, 213,1033 
*P A A S,9, 121,1038 

* Lund Medii , Series 2, No 71,1034 
•A N, Ml, 18, 1038 

•A N , 280, 340,1036 
’ Jovm d Obe, 21, No 1,1038 
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mass (m) of a component in a binary system for a given 
period (P), temperature T„ mass ratio (a), and radius of the 
star in the unit of distance between the centers (r) 

log m «= 2/(7 + 3p)[— log Ci + 3/2 logc* — 3/2 logc s 

+ log (1 + <*) + 2 log P •+• 6 log r.+ 3 log r] (5) 

If the period is expressed in days, masses and distance between 
the centers (A) in solar units, then ci is 74 4~> If L, R, and 
T, are expressed in solar units, then c* = 1. The third 
equation is the mass-luminosity relation, and if here again 
all quantities are expressed in solar umts, Cj = 1 If, how¬ 
ever, every quantity in (1), (2), and (3) is expressed m grams, 
seconds, ergs, and degrees, then c t = 5 93 X 10®, c* <= 7.21 
X 10 -4 , and c 3 = 4 83 X 10 - " 7 . It is much more convenient 
to use the first system of units Then we have 

log in = 2/(7 + 3p)[l 871 + log (1 + a) 

+ 2 log P + 6 log T + 3 log r] (6) 

Of the three equations (1), (2), and (3), the two former are 
exact, the third is only an approximation, for p is not exactly 
known, and is probably not constant throughout the whole 
interval of the masses used for eclipsing variables Double 
star material gives p = 0 and p « 0 2, which are equally 
good first approximations See, for example, Parenago 8 
It is evident that the quantity a influences m m a very 
slight manner, for it is always less than 1. It will be shown 
below that a can be deduced, within the necessary limits of 
accuracy, from the data of the light curve. The quantities P 
and r are derived from the light curve, so that if the tempera¬ 
ture can be adopted from the spectrum, we will be able to 
compute the masses without being dependent on spectroscopic 
orbital velocities Thus Problem (1) can be extended over 
almost three hundred eclipsing variable stars * Problem (2) 
can be treated differently, instead of comparing absolute 

9 Bus Ast Joum , 14,33,1937 
* The writer in now engaged in such computations 
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magnitudes we can compare masses. Problem (3) can also 
be treated in a new way, as we have pointed out above. 

TABLE 1(a) 

The Data of 86 Eclipsing Systems 


Star 

Period 

Spectra 

Amplitude* 


Marne* 

d 

A 

A 


«n 

mi 

S Ant 

0 05 

A8+A8 

0 16- 

•009 

m 

0 75 0 

0420 

Aql 

195 

B8, B8+B8 

B6, B3+B3 

0 44 

040 

V 

619 

514 

TT Aur 

133 

096 

0 37 

p 

6 70 

53 

WW 

253 

AO, A7+A7, A4«p 

064 

0 52 

V 

220 

190 

AR « 

4 13 

B9, AO+AO 

0 74 

054 

p 

2,68 

250 

0 " 

3 91 

AOp+AOp, Alnp 

009 

009 

pi 

240 

230 

r “ 

972 

KO+B1, cK4+B, 
K5+B9 

0 70 

— 

p 

164 

95 

i Boo 

0 27 

G2+G2 

0 42 

0 42 

p 

0 64 

064 

RSCVn 

480 

F8, F4n+dG8 

192 

008 

V 

185 

174 

TV Cm 

181 

B9, AO+AO, B5+B9 

105 

009 

V 

183 

101 

AO “ 

3 52 

BO, 08, 5nk+08, 5nk 
Oe, 07sfk+07rfk, 09sfk 

02 

02 

pi 

363 

363 

UW CMa 

4 39 

034 

033 

p 

403 

308 

VV Cep 

7430 

Map, M2e+B9 

08 

— 

p 

445 

356 

AH “ 

177 

B3, BOnk+BOnk 

0 22 

010 

V 

14 6 

12 7 

UCrB 

3 45 

B8, B5+B9 

102 

— 

V 

53 

20 

Y Cyg 

300 

B2, 09nnk+09nnk 

060 

040 

V 

176 

17 4 

GO « 

072 

AO. B9n+AOn 

054 

0 23 

V 

104 

0.88 

MR « 

168 

AO, AO+AO 

0 71 

015 

P 

303 

2 59 

YY Gem 

0 81 

dMle+dMle 

06 

06 

P 

0 63 

057 

ZHer 

399 

F5p, F2p+F2p 

080 

012 

V 

16 

13 

RX “ 

178 

AO, AO+AO 

068 

060 

V 

22 

19 

TX » 

2 01 

A6, A2+A2 

0 70 

034 

p 

206 

177 

u “ 

2 05 

B3, B3+B3 

068 

028 


752 

2 87 

RTLao 

5 07 

G5+K1 

106 

061 


r >00 

100 

AR “ 

190 

G6, G5+KO, G3+G2 

103 

029 


142 

141 

CM " 

160 

A2+A2 

085 

020 

i 

200 

150 

UOph 

168 

B8, B6nk+B5nk 

0.69 

059 


536 

4 71 

WZ » 

4 16 

GO, QO+GO 

0 74 

072 


1 41 

135 

AG Per 

203 

B3, B3k+B3k 

(0 30) (0 23) 


52 

46 

V Pup 1 

145 

Bl, B1+B3 

0 64 

053 


212 

163 

US#e 

338 

BO, B9+G2 

288 

007 


070 

203 

WUMa 

033 

GO, F8p+F8p 

0.76 

068 


075 j 

054 

TX " 

3.06 

B9+A8 

2 49 

— 

t 

30 

10 

ZVul 

245 

B3, B3+B3 

1 S3 

014 

V 

5.34 

236 

RS “ 

448 

B8, B8+B9 

0 73 

008 

V 

526 

164 


The observational material is given in Tables 1(a) and 
I(l>) for thirty-five eclipsing stars. The period (Table I(o), 
column 2) is the essential element in Formula (6). The 
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spectra (column 3) are taken from classifications made at 
different observatories, the first determination usually refers 
to the Harvard classification. If both components are classi- 

TABLE 1(b) 

The Data of 35 Eclipsing Systems 


Star 

H 

l +* 

BU 

m 


No 

ae 

S Ant 

0 56 

173 

0 78 

280 


1 

WjSjM 

<r Aql 

0 81 

200 

0 95 

4 45 

H9 

1 


TT Aur 

B'lrvi 

186 

083 

388 

■S3 

3 


WW “ 


196 

100 

5 62 

in 

2 


AR “ 

KTs'l 

209 

100 

956 

0 51 

1 


0 “ 


200 

098 

680 

060 


100) 

r 11 


1025 

100 

5 01 

(0 52) 


(007 

i Boo 

mt'M 

186 

002 

320 

050 

1 

100 

RSCVn 


256 

(0 03) 

502 

073 

5 

0 63 

TV Cos 

0 55 

222 

005 

400 

092 

8 

0 33 

AO “ 

0 03 

165 

003 

1 69 

0 74 

1 

062 

UW CMa 

0 75 

183 

088 

2 68 

0 60 

1 

084 

VV Cep 

08 

101 

100 

280 

(0 50) 

1 


AH « 

0 87 

175 

087 

3 37 

0 70 

1 

0 68 

UCrB 

038 

mrm 

097 


090 

6 


YCyg 

100 

200 

100 

610 

0 58 

2 


GO " 

0 85 

1 66 

090 

266 

0 62 

2 

0 81 

MR " 

085 

171 

100 


0 87 

2 


YY Gem 

0 01 

180 

1 100 


056 

1 

090 

Z Hot 

0 81 

170 

! loo 

488 

0 70 

mm 

068 

RX " 

086 

200 

1 095 

5 23 

0 52 

mm 

097 

Tx “ 

088 

2 01 

100 

718 

0 55 


0 92 

u " 

0 38 

211 

093 

3 20 

0 67 

0 

0 73 

RT Lao 

020 

200 

093 

8 57 

0 59 



AR “ 

100 

2 61 

1 00 


0 65 


0 76 

CM “ 

0 75 

180 

100 

530 

062 


0 81 

UOph 

0 80 

2 11 

093 

4 59 

060 

2 

084 

WZ " 

006 

198 

1 00 

121 

051 

l 


AG Per 

000 

170 


3 78 

060 


Sts 

V Pup 

077 

191 


255 

060 



USge 

030 

2 33 

BVyS 

4 57 

092 


ns 

WUMft ! 

072 

180 


273 

062 


0 81 

TX « 

033 

243 

iflAI 

710 

096 



Z Vul 

044 

273 

Wit Wi 

454 

079 

5 

0 54 

RS « 

031 

300 


500 

0.65 

6 

076 


fied, they are connected with a plus sign One sees from the 
column of spectra how flexible are some of the types, and it 
has been difficult to give preference to any one system of 
classification. From considerations developed below, how- 
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ever, it would seem that for most eclipsing binaries the 
Harvard system represents a more umform temperature scale 
than other classifications. The amplitudes (column 4) are 
given m order to show how accurate are the relative elements. 
The symbols pi, p, v denote photoelectric, photographic, and 
visual observations 

The column headed (1 + k) in Table 1(h) serves the 
double purpose of showing the relative sizes of the two 
components, and whether the heavier component is also larger 
and brighter, if (1 + k) is greater than 2, it means that the 
heavier component is smaller The third column, Ell., giveB 
the mean value of the radius in an elliptical system according 
to the formula 

r — yfabc 

in units of a. The succeeding columns give respectively the 
relative total brightness of the heavier component, the number 
of light curves used m obtaimng mean values of L and k, 
and the computed mass ratio, derived from L. 

The wide variety in the peculiarities of individual systems, 
as shown m Tables 1(a) and 1(b), does not permit of a detailed 
discussion of single stars at present Such a discussion will 
be published later It is possible to give here only a few 
general remarks 

The systems S Antlia and 0 Aungse, though well observed 
photoelectncally, have such small amplitudes that there is 
always uncertainty in deducing their absolute dimensions. 
The ratio of the radii has been adopted after an investigation 
by the author of all light curves published elsewhere, the 
ratio for i Bootis was re-computed. The elements of AO 
Cassiopeia, derived by Pearce, are somewhat doubtful be¬ 
cause of uncertainty in the light curve used by him. A 
new set of photoelectric observations by Bennet at Yale has 
confirmed the range of the light variation, so that there is 
little expectation that the absolute dimensions given by 
Pearce will be much changed; but the uncertainty due to the 
small range is not wholly removed. The system UW Cams 
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Majoris is uncertain for the same reason, though probably to 
a less degree than AO Cassiopeia;, for the depths of minima 
in UW Cams Majons are much greater than those in AO 
Cassiopeia;. A new photoelectric hght curve would con¬ 
tribute toward more precise values 

The mass ratio for VV Cephei, the heaviest of the known 
eclipsing systems, has not been determined with quite enough 
certainty, though all results seem to lead to the conclusion 
that it is not far from the real value Probably a new photo¬ 
electric light curve should be obtained for AH Cephei The 
dimensions of MR Cygm have been derived by the writer on 
the basis of the relative elements given by Jonson and Kopal 
WZ Ophiuchi, the most recently discovered eclipsing system, 
has already been discussed by the wnter 9 V Puppis is not 
yet known spectroscopically with enough certainty The 
elements for TX Ursa; Majoris have also been derived by 
the writer * 

It was said above that there is a correlation between a 
and Li Hypothetically the mass ratio may have any value, 
but statistically, as seen m Table I, for the majority of the 
systems the value is much greater than a half Plotting 
the values of L and a and adopting a linear relation, we find 
the following formula for computing the mass ratio from the 
relative total brightness of the heavier component 

a = 0 20 + 1 6(1 - L,) (7) 

A comparison between the computed a e and the observed 
values of a given in Table 1(b) leads to the conclusion that for 
21 systems the computed a does not deviate from the observed 
by more than ten per cent. When we remember that Equa¬ 
tion (6) is very insensitive to changes in a, it is permissible 
to conclude that a may be derived with considerable certainty 
from the light curve in computing the masses. We should 

•H B 907, 1938 

* Much has been published m regard to the eclipsing variables Some authors 
do not agree completely with others in their results, so that there 1 b wide variation 
(ae much aa 20 per cent) fit the derived absolute dimensions for oertam systems 
In order to eliminate this difficulty we have taken mean values, with proper 
consideration for the accuracy of the individual light curves 
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note that some systems, such as u Herculis, RT Lacerta, and 
RS Vulpeculas, show a large positive difference between the 
computed and the observed a’s, whereas RS Canum Venati- 
corum, AO Cassiopeia, and AR Lacerta show a large negative 
difference These systems are not entirely well established, 
but even such large differences do not influence the computed 
masses very much 


TABLE II 

Computed Masses op the Heavier Components for 35 Eclipsing Variables 


Star 

Adopted 

Temp 

Computed 

Mam 

HJI 

Star 

Adopted 

Temp 

Computed 

Mam 

Ob¬ 

served 

Man 


p-02 

p-00 

et 

e 

1 

C. 


| 


O 

^1 



O 

o 

o 

8 Ant 


108 

Wm 

EE3 

YY Gem 

mmm 

Em 

EE1 

063 

<r Aql 


ESI 

Rijrl 

619 

ZHer 


208 

274 

16 

TT Aur 

RjtuJ 



Eli 

RX Her 

11000 

300 

3 52 

22 

WWAur 


Ei 

217 

220 

TXHer 

mmi 

wm 

250 

21 

AR Aur 

11000 

3 03 

353 

2 88 

u Her 

18000 

ua 

116 

7 52 

0 Aur 

10400 

4 07 

3 61 


RT Lac 





{ Aur 


178 

14 0 


ARUc 





l Boo 

5700 

054 

0 57 

064 

CM Lac 


205 

272 


RSCVn 

6700 

288 

265 

185 

UOph 


712 

6 31 


TV Crs 

11000 

4 38 

3 01 

183 

WZOph 

■>Wti 

112 

■m 

141 

AO Can 

KijiVil 


47 3 

363 

AG Ptor 


120 

100 

EJ ^ 

UW CMa 


514 

37 9 

403 

V Pup 


224 

17 6 

mm 

W Cep 


48 8 

363 

44 3 

USge 


063 

573 

EE3 

AH Cep 


13 0 

lTTi« 

14 6 

WUMa 

6100 

088 

000 

075 

UCrB 


6 07 

ET T 

53 

TXUMa 

11700 

440 

390 

303 

YCyg 


18 8 


17 8 

ZVul 


113 

938 

524 

00 Cyg 


406 

413 

104 

RSVul 


502 

402 

46 

MR Cyg 

11000 

5 47 

480 








The results for the masses of the heavier components are 
given m Table II The computed mass, as may be seen 
from the table, is in better agreement with the observed value 
for the mass-luminosity relation when p ■» 0.2 than when 
p « 0 0, especially for large masses. There are three sources 
of error m the computed masses. First, the error may he m 
the temperature scale used in the computation. The scale 
used here was that given by Russell, I^ugan and Stewart. 1 
There are other temperature scales which give higher values 
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for a given spectral class, so that a larger discrepancy between 
the observed and computed masses would result from their 
use. Secondly, the uncertainty may lie in the systematic 
error of classification—the spectra may be taken too early. 
Thirdly, the error may arise from the reflection effect If we 
take into consideration all these uncertainties, we may be 
satisfied with the general accuracy of our results. We may 
note further that rather uncertain systems, such as f Aurigee, 
UW Cams Majons, and W Cephei show a close agreement, 
but that such systems as 0 Aungae, TV Cassiopeia), u Horculis, 
and Z Vulpeculse, for which the values are considered as the 
best determined, show poor agreement. Either they are not 
actually the best determined, or the systems are peculiar 
GO Cygm is m a special category—the computed mass is 
more than four times greater than the observed This is the 
largest disagreement to be found in Table II. According to 
the period, the spectrum should be much later, and yet there 
is no evidence of error in the obseivational results 

5. Section 4 was concerned with the problems mentioned 
in Sections 1 and 2. We now proceed to the problem of 
temperature alluded to in Section 3. 

The temperature can be computed by the following formula 

6 log T - (7 + 3p)/2 log m - log (I + a) 

- 2 log P - 3 log r - 1 871 (8) 

The designations are the same as before (T is in units of the 
solar temperature * 6000°) Table III gives our results for 
70 components of 35 eclipsing systems, computed on the basis 
of the two values of p indicated. If any other p = x be 
used, then the following relation would apply. 

log r p -« - log r„_o« + */4 log m. 

The results in Table III are interesting in two ways 
First, such stars as Y Cygm, i Bootis, and V Puppis, which 
may be regarded as among the best determined systems, show 
good agreement. Secondly, there is a tendency for the 
temperatures of most eclipsing variables to be lower than 
would be expected from the usual criteria. 
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TABLE III 

Temperature or 70 Components or 35 Eclipsing Stbtemb 


Logarithm of Temperature 


Star 

Heavier 

Lighter 

Star 

Heavier 

Lighter 

p-00 

0-02 

0-00 

0-0 2 




p-02 

8 Ant 

365 


3 42 


YY Gem 

368 

3 67 

3 68 

3 67 

tr Aql 

4 11 

4 15 

404 


ZHer 

3 70 

370 

366 

3 67 

TT Aur 

4 16 

4 21 

404 


RX 11 

386 

380 

386 

3 87 

WW “ 

390 


386 


TX “ 

392 

394 

383 

3 84 

AR “ 

3 95 


3 01 


u " 

409 

4 13 

380 

3 82 

fi “ 

388 

3 91 

383 

3 85 

RTL&c 

3 87 

390 

344 

3 44 

r “ 

EEl 

354 

4 13 

418 

CM " 

390 

301 

372 

3 73 

I lion 

3 73 

3 71 

3 74 

373 

AR “ 

386 

3 87 

3 65 

360 

RSCVu 

372 


3 56 

3 57 

UOph 

414 

4 18 

403 

406 

TVCas 

3 82 


354 

3 55 

WZ “ 

383 

385 

383 

3 85 

AO " 

4 27 

4 34 

4 33 

4 41 

AG Per 

404 

408 

410 

412 

uw cm 

4 33 

4 41 

4 32 

4 39 

V Pup 

4 35 

4 41 

416 

419 

WCtop 

3 34 

344 

424 

4 32 

U Sgc 

410 

411 

367 

308 

AH “ 


4 35 

430 

4 36 

W UMa 

3 75 

3 75 

364 

363 

UCVB 


414 

361 

363 

TX " 

402 

405 

320 

320 

> t'y* 

4 38 

444 

438 

444 

ZVul 

404 

408 

3 82 

383 

GO “ 

364 

a 69 

i 372 

3 73 

RSVal 

3 97 

4 01 

3 49 

350 

MR “ 

8 80 

3 01 

391 

393 







Logarithm a t Tamper*turn 


Since the spread of temperature for a given spectral class, 
especially for stars later than Class A, is large, we can deduce 
two temperature limits in agreement with Table III. The 
results are given in Table IV. The low character of the 
temperatures is partly established through two supergiants, 
f Auriga and VV Cephei, the rest of the contributors are not 

TABLE IV 


Tub Deduced Temperature Scale from 70 Eclipsing Components 


Spec¬ 


Spec¬ 


Speo- 


trum 

1 emperature 

trum 

Temperature 

trum 

Temperature 

07 

28000° 

F5 

6300 s high 

K0 

4600° high 

B0 

21000 


3300 low 


3800 medium 

B5 

14700 

GO 

5760 Ugh 


2700 low 

A0 

10000 


8000 low 

K5 

4000 high 

A5 

8400 

G5 

5100 high 


3300 medium 

A8 

7000 high 


4200 medium 


2500 low 


6600 low 


2000 low 

Me 

3400 high 

F0 

7400 high 




3000 medium 


8900 low 




2350 low 
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supergiants in respect to mass and luminosity, although they 
are much less dense than the sun Even if the existence of 
such low temperatures is somewhat contrary to expectation, 
it is difficult to escape from the conclusion that they are 
probably m the neighborhood of eclipsmg-vanable tempera¬ 
tures We may add that there are not many, if any, methods 
which give reliable results for temperatures of the type dis¬ 
cussed here, and that deviation from black-body radiation 
for eclipsing variables may have a much more pronounced 
effect than has been found for S Cephei variables 

6. There are several eclipsing systems which arc unusual 
in certain respects, and the method of determining absolute 
dimensions outlined m the previous pages may be of some use 
in interpreting them. 


TABLE v 


Star 

Period H 

U 

Wc 

n> 

r / 

Apfc 


Remarks 

« Aur 

9800 

0 52 

072 

003 

030 

F5p 

— 

1 

SX Cm 

366 

054 

004 

0 25 

0 52 

A6 

G6 

2 

« OB 

17 4 

wm 

020 

005 

0 02 

AO 


3 

WCru 

108 5 


03b 

0 61 

034 

GO 

GO 

4 

GG C&r 

62 1 

050 

100 

0 35 

0 35 

P Cyg 

Pt’yg 

5 

0 Lyr 

12 02 

063 

070 

026 

062 

B8 

B5 

6 

6 On 

673 

0 75 

060 

0 38 

024 

B1 

— 

7 

0 Per 

2 87 

Mil m 

034 

0 21 

0 24 

118 

— 

8 

V 381 Sod 

6475 

0 97 

0 25 

0 21 

0 42 

F5? 

— 

9 

V 383 8co 



060 

020 

040 

M? 

— 

10 

RY Set 

1112 


084 

034 

034 

Bq 

Bq 

11 

X Tau 

3 95 


0 44 

0 27 

0 27 

B3 


12 

+ 8° 1309 

144 

22? 

092 

030 

030 

08 

08 

13 

+57° 28 

55 9 


068 

020 

0 27 

B9 

B5 

14 

-66° 3307 

605 

£ 

0 44 

020 

0 27 

PCyg 

PCyg 

15 


Remarks 

1. Elements taken partly from Giissow’s paper (Verdff. 
Ber Bab., 11, Pt. 3, 1036). 

2. Elements taken from Dugan’s work (Princeton Cont., 
No. 13, 1033). 

3. 4, 6, 7, 8, 12 Elements taken from a compilation by 
the writer (Verdff. Ber. Bab., 9, Pt. 6, 1932) where all refer- 















338 


SERGEI I GAPOSCHKIN 


ences are given In addition, see the paper by D. J. E. 
O’Connell (Publ. Rivervicw College Obs, No. 3, 1936) on 
W Orucis. 

5. Elements adopted as arbitrary. 

9, 10 Miss Swope’s stars (H B. 902, 1936), the elements 
of V 383 Seorpii are arbitrary 

11 Sec Harvard Tercentenary Papers, No. 27, 1937. 
The system has the speetrum of a nebula. 

TABLE VI 
* 

The Abholite Dimensions or Fifteen Interesting Binaries 


Star 

Mhmm» 

!- 

IUtlu 

Dwtanor 
Between the 
Center* 

Temperature 
of the Fainter 
Component 

e Aur 

29 2 0 

2100 

2130 

21300 

71000 

1180° 

SX Ctt8 

13 7 

12 7 

35 

75 

138 

5430 

aCrh 

3 24 

07 

23 

06 

46 

3980 

WCru 

34 1 

12 2 

313 

158 

513 

3390 

GO Car 

58 2 

582 

111 

111 

317 

14800 

0 Lyr 

14 1 

112 

17 

40 

67 

6300 

5 On 

362 

16 7 

19 

12 

47 

16200 

f Per 

5 0 

17 

33 

40 

16 

2250 

V 381 Sco 

104 

26 

1550 

3100 

7400 

1460 

V 383 Sco 

204 

12 2 

760 

1520 

3800 

1060 

RY Set 

222 

18 6 

24 

24 

72 

13000 

A Tan 

14 6 

66 

80 

80 

29 

9670 

+ b° 1300 

59 0 

54 3 

36 

36 

120 

24200 

+57° 28 

214 

14 7 

43 

57 

215 

6920 

-66* 3307 

113 

49 7 

326 

435 

1630 

6400 


13, 14 Plaskett/s and Pearce's stars respectively. The 
relative elements are arbitrary, and may be regarded as 
maximum values 

15. Mrs Mayall’s star (Harvard Tercentenary Papers, 
No. 25,1937) The relative elements are arbitrary, and may 
be regarded as maximum values 

We may point out that the relative elements given in 
Table V are good average values for eclipsing variables in 
general, so that one should not expect unusual results. 
From the relative elements given in Table V we obtain the 
data of Table VI, which contains the absolute dimensions of 
the systems considered here. 
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Concerning the masses, we see from Table VI that the most 
massive system studied is — 66° 3307, and that the next 
massive is Vm Scorpii It is somewhat surprising that the 
most massive binaries hitherto found, + 6° 1309 and + 57° 28, 
here appear to be of relatively low mass, and that the com¬ 
puted masses for these systems are much less than those 
observed spectroscopically, approximately in the ratio one 
to four. If we should try to transform the ratio into one to 
one, attributing the difference wholly to the difference in 
temperature, then we would have to assume that the effective 
temperature for Class B9 is over 30,000°. We may add further 
that for these systems we have assumed the most favorable 
(maximum) values of the relative elements, and that the ob¬ 
served values are minima, so that if more probable values for 
the relative elements were adopted the above mentioned large 
difference would be even greater The system — 06° 3307 
is a P Cygm star and hence the usual conception of a con¬ 
tinuous decrease m density and effective temperature seems 
to have little application here, that is, a P Cygm star (others 
perhaps also) has a * ‘ shell-like ’ ’ structure The same remarks 
are fully applicable to GG Carime The systems a Coron® 
Borealis, 0 Persei, and X Taun are not peculiar in absolute 
dimensions, indeed the values obtained here are in close 
agreement with those obtained originally by Stebbms, 
Eddington, and Slavenas The system SX Cassiopeia; is 
unusual in that, as a small value of the mass function was 
found spectroscopically (/* * 0 48), one would expect a rather 
low mass. We may here call to mind that this system shows 
bright lines of hydrogen in its spectrum. 

Concerning sizes, F ag i Scorpu seems to surpass all eclipsing 
variables in voluminal dimensions, though such systems as 
VV Cephei (radius - 2400 O, see H.C. 421), t Aung®, and 
Vats Scorpu nearly approach it in size. 

Finally, concerning the temperature, we see that the lighter 
component of the system V»m Scorpu seems to have the 
lowest temperature (1050), though of the same order as the 
temperature of the lighter component m « Aurigs and in 
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Vjsi Scorpii Especially interesting ib the system 0 Lyra 
Spectroscopically it is one of the heaviest systems, the mass 
function being over eight solar units Spectroscopically also 
there is a second spectrum, originally called Class B5, which 
does not show an oscillation reflecting that of the B8 spectrum. 
Besides, there are bright bands, with absorption wings 
flanking them All three types of spectra display very little 
correlation in their behavior, at least in an evident manner, 
so that several conclusions (Miss Maury, Curtiss, Baxandall, 
Struve) have been drawn about the existence of a large 
envelope around the system The low temperature obtained 
here suggests that the second component must be of a much 
later spectral class than B5, probably F From this result 
one is led to conclude that the visible speotrum of B5 
character does not come from the second component We 
should point out here that the computed mass of this system 
is much lower than would follow from the mass function. 
The spectrum of the first component must therefore be 
slightly earlier than B8 

Summary 

A method has been outlined which allows for determination 
of the absolute dimensions of an eclipsing system, if the 
spectrum, period, and relative dimensions, derived from the 
light curve, are known (Formula (6)) 'Hurty-five eclipsing 
systems with known absolute dimensions have been used to 
obtain a temperature scale (Table IV) Fifteen interesting 
eclipsing variables, for which no determinations of absolute 
dimensions have previously existed, have been investigated 
(Section 6). It has been found that there are four systems 
in which the fainter component has a radius of over 1000 solar 
radii (V38i Scorpu, 3100, VV Cephei, 2400, < Aung®, 2130, 
and V 383 Scorpii, 1520), and that there are several faint 
components with temperatures less than 1500° absolute 
0 Lyrse, Plaskett’s, Pearce’s, and Mrs. Mayall’s stars have 
been taken into consideration. 

I am grateful for the opportunity of discussing the above 
results with Dr M. Schwarzschild. 



WITH AN ASTRONOMER ON AN ECLIPSE EXPEDITION * 

S. A MITCHELL 

Director, l>ander McCormick Observatory, University of Virginia 
Abstract 

From eclipse expeditions in comparatively recent years there have been two 
outstanding achievements The first was the verification of the Einstein general 
theory of relativity by the measurement of the deflection of the light from Btars 
by the strong gravitational attraction of the sun The EuiBtom theory not only 
has had important consequences for the physical sciences but also started a new 
trend of philosophical thought The second result from eclipse expeditions has 
been the measurement of the heights m kilometers to which gases extend in the 
sun’s atmosphere, the chromosphere Coupled with great advances in knowledge 
of the structure of the atom, these heights gave to Saha the confirmation of his 
theory of ionization The past two decades have, in consequence, been the most 
exciting and the most prolific years in the whole history of astronomy 

All the prominent lines m the solar spectrum have been assigned to multiplet 
groups with known excitation potentials measured m electron-volts from which 
have been ascertained the relative numbers of atoms engaged in the formation 
of the spectrum lines Coupled with heights derived from eclipse sjiectra, the 
Evershed displacement in sun-spots has shown tliat there is a circulation of 
gaseous material near the sun’s surface proving that each sun-spot is a gigantic 
vortex The red shift from the Einstein theory is confirmed in the sun but the 
heights from eclipse spectra show tliat the strong lines, those of low excitation 
potentials extending to the greatest heights, m addition to the relativity shift 
show a motion of descent towards the sun while the weak lines of high excitation 
potentials which extend only to small heights have a motion of ascent Within a 
strong multiplet group, jhere are important correlations with the result that the 
heights found directly from the flash spectrum or from the Evershed effect are 
not constant but are the greatest for the lines of greatest intensity which Involve 
the largest number of atoms A knowledge of heights also gives knowledge of the 
density distribution of various elements in the lower chromosphere, together with 
an indication that turbulence and not selective radiation pressure is responsible 
for keeping the different elements so well mixed 

Solar eclipse observers must always be confirmed opti¬ 
mists and good philosophers, or m other words, they must be 
willing to gamble at long odds on eclipse day with the fickle 
weather. Some astronomers have had a long run of bad luck 
For instance, in 1036 m Japan, the sky at the time of the 
eclipse had been perfectly clear right up to the time oHotahty 
and then it suddenly clouded up. Similar conditions had 

* The Faunae Memorial Lecture delivered April 22,1038 
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been met previously by three members of the British expedi¬ 
tion with the result that in a total of twelve attempts to ob¬ 
serve an eclipse there had been only one success. On the 
other hand, some members of the American Philosophical 
Society, notably W. W. Campbell and John A. Miller, at some 
eclipses have had remarkably close shaves from clouds, but 
miracles seem to have happened and when all hope was gone 
the skies suddenly cleared off for just a few moments at to¬ 
tality and then clouded up again for the rest of the day In 
the observation of eclipses, I too have had a generous share of 
good luck 

In the article entitled “Nature’s Most Dramatic Spec¬ 
tacle,” 1 is given a popular account of the National Geographic 
Society-U S Navy expedition to Canton Island in mid- 
Pacific Ocean to observe the total eclipse of June 8, 1937 
U S S “ Avocet” carried the thirteen members of the expedi¬ 
tion and the equipment consisting of 150 cases of instruments, 
ten thousand board feet of lumber, sixty bags of cement, 
tents, cots and supplies for a six weeks’ trip away from the 
base at Honolulu 

The scientific program carried out by the expedition con¬ 
sisted of the following 

Captain J F. Hellweg, U S. N. (retired), superintendent of 
the U S Naval Observatory, gave the signals for the 
four contacts and counted time 
S A Mitchell, University of Virginia, had three concave 
grating spectrographs, each used without sht, for photo¬ 
graphing the spectrum of the chromosphere and the 
corona 

F K. Richtmyer, Cornell University, had four identical lenses 
for photographing the corona, with three of which he had 
screens of “polaroid” rotated at different angles. The 
purpose was to measure the polarization in the corona. 
With illumination meters and a photoelectric cell, he 
measured the intensity of illumination during the pro¬ 
gress of the eclipse from first to fourth contact and also 

* National Geographic Magazine, 79, 361,1937 
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the total light of the corona compared to that of the full 
moon. 

Theodore Dunham, Jr, Mount Wilson Observatory and 
Charles G Thompson, president of the Foundation for 
Astrophysics! Research, New York, used a powerful 
spectrograph which was virtually a duplicate of that on 
the 100-inch Mt. Wilson reflecting telescope 
Irvine C. Gardner, National Bureau of Standards, Washing¬ 
ton, D. C , photographed the corona m black and white 
and m colors by using a camera constructed under his 
direction of 9 inches aperture and 19 feet focal length 
Paul A McNally, S J , Georgetown University Observatory, 
photographed the corona through different color-filters 
and with plates specially sensitive to different spectral 
regions 

John E Willis, U S Naval Observatory, photographed the 
partial phases of the eclipse and also the corona with a 
6 -inch aperture and 15-foot focus camera 
Charles Bittinger, Washington, painted the corona on a 
canvas 60 x 60 inches. The painting was on exhibit 
during the reception following the Penrose Memorial 
lecture 

R H. Stewart, National Geographic Society, assisted Dr 
Gardner duripg the total ecUpse and also obtained a 
moving picture film of the eclipsed sun from first through 
to fourth contact 

In addition, the National Broadcasting Company had an 
announcer (George Hicks) and two engineers, Brown and 
Adams. 

This was my fourth cruise on eclipse expeditions with the 
Umted States Navy, the three previous ones having been to 
Sumatra m 1901, Spain m 1905 and Niuafoou Island in 1930. 
Twice before I had been across the equator and had paid 
proper homage to Father Neptune so that m 1937 F.was no 
longer a land lubber. 

This 1937 eclipse will be memorable for four different 
reasons, first, for the longest duration of totality of any 
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eclipse in more than twelve hundred years (since the year 699), 
second, that it began on June 9 and ended on June 8, the day 
before it started, third, in spite of being in the tropics where 
clouds are the rule rather than the exception, the skies were 
clear at each and every station where there woo an expedition, 
and fourth, in spite of isolation and long distances, interested 
persons could listen m on frequent broadcasts that told of 
the life on the island and of the progress of preparations over 
a eoast-to-coast netwoik. Two of the broadcasts were 
specially dramatic, one of fifteen minutes duration with 
totality at the middle of it, which gave a graphic description 
of the spectacular phenomenon, the other a few hours later 
when I, as the scientific leader of the expedition from Canton 
Island, held a broadcasted conversation with London half way 
round the world In the great metropolis was a friend of 
many years standing, Alfred Fowler, a distinguished astrono¬ 
mer who m 1893 had made the first photograph of the flash 
spectrum, which since the year 1900 has been my own chief 
interest at eclipses 

On May 2b, the party from New Zealand arrived aboard 
HMS “Wellington ” There were eight in the expedition, 
two of whom had worked alongside me on Niuafoou or “Tin- 
Can” Island at the eclipse of October 21, 1930 It was 
pleasant to renew old friendships. 

Ashore we kept Honolulu time and we had an hour of 
daylight saving As we were near the equator (3° South), 
the sun actually rose near six o’clock, but as our clocks said 
seven o’clock, everybody got up without grumbling and went 
to work immediately after breakfast 

On eclipse day we were awakened by a loud-lunged sailor 
at 4 40 a m , though some members of the expedition had not 
been able to go to bed at all on account of last minute pre¬ 
parations. The skies had been clear the night before until 
after midmght It was hopelessly cloudy when we emerged 
from our tents about five o’clock. There was a broadcast at 
6 30 a m , at which time we gave impressions of the weather 
at earlier eclipses observed and gave expression to our hopee 
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and expectations for clear skies A hurried breakfast was 
at six o’clock under the light of lanterns, with the clouds 
somewhat broken but still bad towaids the point of sunrise 
At sunrise, conditions were greatly improved We did not 
have long to wait to find what our luck was going to be for 
the reason that a quarter of an hour later the whole sky was 
clear except for floating clouds here and there We were in 
rare good luck for the only clouds over the sun from first 
contact at 7 35, through to fourth contact more that two 
hours later, were a few thin ones, the first of which passed 
over the sun about three minutes after the precious photo¬ 
graphs had all been taken during totality 

In the present article, attention will be confined to scien¬ 
tific discoveries made from eclipse expeditions in recent years 
and an attempt will be made to formulate the outstanding 
problems that await solution at eclipses in the years to come 
In the James Arthur lecture delivered at the Smithsonian 
Institution in February, 1937 and published in the Smith¬ 
sonian Annual Report, greater details are given for various 
phases of the work 

To the naked eye, the 1937 corona was circular in outline 
to an angular distance of one solar diameter In addition 
there were many long spikes going out at various angles, the 
longest being two diameters in length Looking through a 
hollow tube to protect the eye from sky illumination, a New 
Zealand observer on Canton Island saw one streamer extend¬ 
ing to four solar diameters while a photograph taken by F K 
Richtmyer showed a spike extending to six diameters From 
Peru, at an elevation of 25,000 feet, but on account of the low 
altitude of the eclipsed sun, with an air-mass three times that 
of a zenith sun at sea-level, Major Stevens obtained airplane 
photographs showing a “globular corona” extending to one 
solar diameter At greater angular distances the long 
pointed streamers made a gorgeous spectacle, perhaps the 
most beautiful of my ten total eclipses Although all the 
developed photographs showed many prominences, there 
were no huge masses such as occurred at the eclipses of 1918 



346 


8. A MITCHELL 


and 1919, with consequent disappointment to those observers 
who were photographing the corona by color processes. On 
Canton Island, Gardner used three different methods. The 
developed photographs showed a greener corona than was 
visible to the eye. Gardner and also Micbie of New Zealand 
used a rotating sector to cut down the brightness of the inner 
corona, a method which was tried first in 1889 The 1937 
results were none too satisfactory 

The corona may be photographed by cameras large and 
small, fast or Blow. With cameras of great length it is neces- 
sary to counteract the diurnal motion. This may be done by 
mounting the telescope horizontally and then using a plane 
coelostat mirror or by pointing the object glass directly to the 
sun. For moderate focal lengths up to 15 feet, a polar axis 
may be employed but for greater lengths a tower telescope is 
erected The Swarthmore astronomers have obtained ex¬ 
quisite definition with focal lengths of 65 feet 

It is interesting to note that at eclipse expeditions success 
has always been greater in the direct photography of the 
corona than in any other branch of the investigation. The 
reason is evident, namely, that m every well-equipped expedi¬ 
tion, no matter what the other program may be, the corona 
is always photographed However, there is another reason 
not so apparent, which is that perfection of focus and condi¬ 
tions of “seeing,” although desirable, are not absolutely 
essential m obtaining successful photographs of coronal de¬ 
tails A lack of perfect focus plays havoc with spectrosoopic 
photographs but detracts little from the beauty of the coronal 
images for the reason that its structure is always nebulous 
or filmy in detail 

The general shape of the corona can be predicted* in 
advance of the eclipse depending on the sun-spot cycle. 
Recently it has been found that the “minimum type” of 
corona, with long equatorial streamers and stong polar brushes 
does not occur at the time of minimum of spots but 1.25 
years earlier. Likewise, the corona closest in shape to a 

* Handbook der Antrophynk, 7, 306, 1036. 
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circle takes place 1 25 years before spot m a ximum The 
eclipse of 1932 took place 1 2 years before minimum of spots 
and its shape was the pronounced elongated type The 
succeeding total eclipse of 1934 was only 0.2 years alter spot 
minimum and yet the corona had lost its minimum-type 
features and much more closely resembled the circular or 
“maximum-type” corona. Although the time of next sun¬ 
spot maximum is still uncertain, it is highly probable that the 
eclipse of 1937 occurred within a year in advance of maximum 
Its shape, almost exactly circular was the one confidently 
predicted 

Many attempts have been made to detect motions of 
coronal materials but without pronounced success A com¬ 
parison of Swarthmore and Lick photographs of the 1918 
eclipse seemed to indicate motions of the order of 10 miles 
per second, but at the 1926 eclipse a comparison of coronal 
photographs 3 made in East Africa and Sumatra revealed that 
any motions in the corona were no more than one mile per 
second, or no greater that the inherent errors of measurement. 
The few spectroscopic measures that have been made seem to 
indicate motions away from the sun at speeds of 15 miles per 
second, though the evidence is not very convincing and needs 
to be verified 

Valuable information 4 regarding details of coronal radia¬ 
tion were secured m 1930 from large scale spectra taken with 
a concave grating without slit when the coronal lines are nngs 
of light and not the customary straight lines one expects in 
spectra. The spectrograms were compared with direct photo¬ 
graphs of exquisite detail in the corona and also with spectro- 
heliograms taken on four successive days thousands of miles 
away at Mt Wilson or Kodaikanal Observatories. All of 
the photographs tell of an intimate connection between 
coronal streamers and prominences but also that the stream¬ 
ers, on which the shape of the corona more or less depends* 
are always located near prominences but are not necessarily 

•Ibid,890 

4 Artraphyncal Journal, 76, 1,1932 
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exactly connected with those prominences which at the time 
of the eclipse are of the greatest height. The eclipse spectra 
showed that the details of the coronal structure m the green 
“coromum” line at 5303 A differed greatly from the details 
found in the red line at 6374 A 

In the report of the Commission on Eclipses presented to 
the International Astronomical Umon at the Pans meeting m 
1935, it seemed that we might be on the verge of a fairly 
complete understanding of the method whereby the light of 
the corona is diffused and scattered. Grotnan had found 
that the distribution of energy in the spectrum of the corona 
is identical with that in the solar spectrum, the dark lines m 
the spectrum of the outer corona giving fair indication that 
the light of the corona is scattered sunlight At the 1932 
eclipse, Dufay and Grouiller had shown that the amount 
of polarization in the corona is entirely independent of wave¬ 
length and is a maximum of 20 per cent at an angular distance 
10 ' from the sun’s limb 

Other observers, however, have come to quite different 
conclusions From the two eclipses of 1932 and 1934, Cohn - 
finds that the polarization m the corona is quite different for 
short and for long wave-lengths In fact, the polarization 
in the integrated light, in the blue and in the red increases 
steadily from the sun’s limb toward the outer corona, whereas 
it reaches maxima both m the violet and in the green and then 
decreases again. At 4.5' from the sun’s limb the polarization 
is actually independent of wave-length but at smaller distances 
m the inner corona the polarization is higher for short wave¬ 
lengths than for long wave-lengths. At the 1936 eclipse 
Zakharm confirms the conclusions of Cohn that the degree of 
polarization is different for different regions of the spectrum. 

Likewise our knowledge regarding the law of distribution 
of light within the corona is in a very unsatisfactory state. 
There are many laws of intensity found by various observers, 
such as the 2nd, 3rd, 6th, 7th, 8th and such powers as 2.3 or 
2.4 of the distance measured either from the center or from 

• Ibid, 87, 284,1938. 
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the edge of the sun. At the 1936 eclipse, the Polish expedition 
found that the intensity of the coronal radiation measured 
from the sun’s limb outward diminishes more rapidly m red 
light than m yellow while the Italian photographs at the same 
eclipse showed that the intensity m the blue also diminished 
more rapidly than in the yellow On the contrary at the 
same eclipse, the Japanese expedition 6 finds that the coronal 
light diminishes in intensity inversely as the 3 5 power in 
blue light and as the 5 5 power in yellow light, the distances 
outward being measured from the sun's center. 

In view of much conflicting evidence it is very important 
that measures both of intensity and of polarization be repeated 
in different wave-lengths by many different observers. For 
polarization measures there has come a great simplicity of 
technique through the application of “polaroid” to eclipse 
work, which has been done both at the 1936 and 1937 eclipses 

Accurate values of the total light of the corona have been 
derived by Richtmycr and by Stebbins 7 in Peru, each using a 
photoelectric cell. The two results arc in good agreement, 
namely, 53 and 47 per cent, respectively of the total hght of 
full moon At the eclipses of 1918 and 1925, the photoelectric 
cell used by Kunz and Stebbins gave values of 50 and 44 per 
cent, respectively From the ten most reliable measures 
previous to 1937, the average showed the total coronal light 
47 per cent of the full moon. 

Measures by illumination meters of the intensity of hght 
of the corona plus illuminated sky have given much conflicting 
information for the reason that it. has been impossible to 
allow adequately for the effects of sky illumination. In spite 
of the conflicting evidence, however, some astronomers have 
reached too hasty conclusions in their attempts to correlate 
intensity of coronal radiation with sun-spot activity. It does 
indeed seem probable that the inner corona at spot maximum 
roust be brighter than at spot minimum. Moreover,, as the 
inner corona contributes the greatest part of the energy of the 

*Ann Tokyo Obi, 2nd Ser, 1, 91 sad 130,1038 

7 Aotropkyoud Journal, 87, 226,1038. 
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total coronal radiation, we would logically expect that the 
total energy at maximum of spots would be greater that at 
minimum Unfortunately, eclipses come but seldom and 
there are far too few observations from which to denve any 
satisfactory correlations. 

In spite of many inconsistencies m the results, observers 
throughout the past fifty years have been in substantial agree¬ 
ment that the total light of the corona is roughly one-half 
that of the full moon, or one-millionth that of noon-day sun. 

In the year 1882 a bright comet was observed near the 
eclipsed sun but was never seen before nor since. The 
corona appeared so bright that attempts were made to photo¬ 
graph it without waiting for an eclipse Attempts followed 
attempts with every conceivable variety of attack—and 
failure to achieve results followed failure for nearly fifty years 
In fact, it was not until 1930 that Lyot of the Meudon Obser¬ 
vatory achieved a brilliant success where others had repeated 
failures His great triumph resulted from the ingenious 
arrangement of his telescope to reduce to a minimum the 
amount of scattered light inside the instrument A mountain 
observatory on the Pic du Midi (9100 feet) and skies at times 
very transparent permitted photographs of the brighter parts 
of the corona in full daylight but he also derived wave 
lengths of the emission lines of “coronium” Following his 
earlier successes, Lyot 8 has determined from the mountain 
observatory during the past three summers the wave-lengths 
of eleven lines with the following values and probable errors: 


3388 10 ± .07 
5116.03 ± .02 
5302 86 ± 02 
5694 42 ± .07 
6374.51 ± 03 
6701.83 ± 03 


7059.62 ± .05 
7891.94 ± .07 
8024.21 ± 10 
10746.80 ± .15 
10797.95 ± .15 


The three last lines have not yet been photographed at 
eclipses In the summer of 1937 Lyot obtained 125 spectra. 


*C R, tOS, 802 and 1259 
publication) 


, 203, 1327, 1036 and C. R 1038 (in advanoa of 
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The line 5694 A was discovered this past year. It is faint but 
it appears with a dispersion of 7 5 A per mm It is fainter 
than 5116 A which m turn was not seen in 1935 but was photo¬ 
graphed both in 1936 and 1937. Lyot has not yet photo¬ 
graphed the coronal line 5536 A which has been observed 
several times m the past thirty years with an intensity about 
equal to 5116 A Lyot reports that the intensities of the 
coronal lines vary, the line 6702 A was stronger m 1937 than m 
1936 and it was more intense than 7059 A. The line m the 
mfra-red at 8024 A is generally quite feeble but it appears on 
several spectra taken under good conditions 

Lyot was the first to find that the green and red coromum 
lines 5303 and 6374 are broad lines Later measures give the 
equivalent widths of 5303, 6374 and 6702 to be 0 80,0 97 and 
1.07 A, respectively, the quotient of the equivalent width by 
the wave-length being very nearly a constant He has also 
succeeded in the remarkable feat of photographing the 5303 
line near sea-level at the Meudon Observatory 

The coronal line 7892 A was discovered by Curtis and 
Burns in 1925 It was photographed at the 1936 eclipse by 
Williams and in 1937 by Mitchell using the same spectro¬ 
graph that was employed m its discovery in 1925 It is a 
strong line, in fact, it has a greater absolute intensity than 
6374 A 

In addition to the eleven lines measured by Lyot, there 
are twelve other lines in the spectrum • of the corona that have 
been observed at many eclipses. Consequently, there are 23 
known emission lines. In addition, at the 1936 eclipse two 
Japanese expeditions publish a total of 11 lines in the region 
between 5000 and 7000 A where Lyot’s spectra were photo¬ 
graphed under the best conditions These lines are faint and 
need to be verified by future observations 

It may be said that the corona exhibits three separate 
spectra: first, the emission spectrum in the inner corona ex¬ 
tending to 5' or 200,000 km from the sun’s edge, second, the 
continuous spectrum (without lines) in the middle corona; and 
•S A. Mitchell, Jfottpaw of the Sun, p 376,1936. 



352 


S A MITCHELL 


third, the Fraunhofer lines showing feebly in the outer corona 
In the continuous spectrum it has been found 10 that there is 
a band of absorption at wave-length about 6300 A which has a 
greater intensity in the corona than m the photosphere At 
the same eclipse, this band was photographed 11 m the spec¬ 
trum of the light of sky during totality The same band ap¬ 
pears in the spectrum of twilight, in the spectrum of the mght 
sky and also in the spectrum 12 of the aurora borealis In 
accordance with the theory of Stormer that aurorae are caused 
by corpuscular radiation from the sun, then it must happen 
that at the time of intense solar activity there would be a 
strong aurora on the side of the earth turned towards the sun 
The band seen m the 1036 spectra needs to be confirmed at 
future eclipses but it does look probable that it is actually the 
auroral band which one would expect to be strong near the 
time of sun-spot maximum. 

By comparing wave-lengths east and west, Lyot * finds, 
that the inner corona rotates at a speed about equal to that of 
the photosphere. 

In comparing the green and red coronal rings obtained 4 
m 1930 on spectra taken with a concave grating and without 
slit, it was surprising to find how little the lines resembled 
each other m their structural details or how little either re¬ 
sembled the H and K lines m the chromosphere It is evident 
that these two lines cannot take their origin in the same atom, 
or at least, not in the same atom in the same state of ioniza¬ 
tion In spite of many attempts, no further progress has been 
made in deciphering the source of coromum. 

In the elucidation of the enigmas of the corona much 
substantial progress has been made but yet there are many 
unsolved problems. According to Rosseland, “the corona 
has stimulated speculation to the breaking point, it being 
even suggested that there we witness our reco gniz ed physical 
laws set at naught by nature itself." It is evident that the 

14 P Tnc Phyt Math Japan, 19,603,1937 

11 Mam Cueh Aetr A«tn , No 6,1037 

>* Nature, 189, 584,1937 
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cause of the coronal radiation cannot be found m the emission 
spectrum of coronium which contributes only a very small 
fraction to the total energy of coronal light We must there¬ 
for seek the explanation of the mysterious coiona in the spec¬ 
trum of the middle and outer corona 
As the result of many different theories, it is now generally 
recognized that the electron 13 must play an important role 
m explaining the radiation of the corona If the continuous 
spectrum is caused by free electrons, then the average thermal 
velocity of the electron would cause a Doppler effect of the 
order of ten angstroms which would effectually wipe out all 
Fraunhofer lines with the exception of the broad wmgs of the 
II and K lines Electron scattering will give an adequate 
explanation of the absence of dark lines in the inner corona 
and also is in conformity with the fact that there is little differ¬ 
ence in energy distribution between the ladiation of the 
corona and that of scattered sunlight 

Although substantial progress has been made there are 
important problems connected with the corona that await 
solution In future eclipses there is a great need of carefully 
designed spectrographs of great speed and large dispersion 
At the 1937 eclipse, Dunham had the most powerful spectro¬ 
graph ever used at an eclipse for the chromosphere and for 
the corona With smaller dispersions we need to compare 
the intensity distribution of coronal light with that of the 
photosphere and we need more and better spectra that will 
give the dark lines in the outer coronal spectrum that should 
be taken under clear skies devoid of water vapor m order that 
the photographs may verify that the Fraunhofer lines are 
coronal in origin and do not come from sunlight scattered m 
the earth’s atmosphere 

Lyot has contributed much valuable information to the 
emission spectrum of coronium but the outstanding problems 
connected with the corona will be solved only by observations 
made at total eclipses The chief difficulty is that on the 
average only one minute per year is given to any astronomer 

“ Handbuch der Aitrophynk, 7, 404,1930 
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to secure his important observations. The next total edipBe 
to be observed will be on October 1, 1940, visible m Brasil 
and South Africa. 

In recent years the chief contributions from observations 
made during total eclipses of the sun have had no connection 
with the corona but have been in two widely separated fields 
of investigation In 1919, at the eclipse winch was the fore¬ 
runner m the Saros cycle of the eclipse of June 8, 1937, the 
whole world was electrified by the confirmation of the Einstein 
prediction that rays from stars are bent when under the in¬ 
fluence of the strong gravitational pull of the sun Although 
the splendid observations at the 1922 eclipse seemed to give a 
complete verification 14 of the Einstein value, it was found by 
Frcundlich from observations at the 1929 eclipse that the 
deflection at the sun's limb waB considerably greater than 
1 75" required by theory and amounted to 2 24". The chief 
trouble with eclipse plates is that the same stars which furnish 
the relativity displacements must also give the scale of the 
photographs. The stars at the 1929 eclipse were badly dis¬ 
tributed around the sun as is seen by the fact that out of a 
total of 18 stars used to measure the relativity effeot there were 
17 stars located on one side of the sun and only one star on the 
other side, with the result that scale value was poorly deter¬ 
mined A discussion by Trumpler of all observations at the 
eclipses of 1919, 1922 and 1929 gives the relativity deflection 
reduced to the sun’s edge as 1.79" ± 0 06" 

In view of the discordant results from the 1929 eclipse, 
it is evidently necessary to repeat the observations, devoting 
special care to a more accurate determination of the scale 
value of the photographs. Unfortunately, this obvious re¬ 
commendation can hardly be put into effect for the reason 
that the star fields at total eclipses in the next twenty yeans 
do not contain a sufficient number of bright stars. * In spite 
of these drawbacks, the British astronomers are planning to 
test again the Einstein deflection as a part of a very extensive 
program of observations for the 1940 eclipse. 

14 Ibid, p 408 
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The sun is the nearest of the fixed stars and it is the only 
star which permits a detailed study of conditions in the out¬ 
lying atmosphere. As these conditions have gradually be¬ 
come understood in the sun they have furnished the method of 
interpreting many outstanding stellar problems The great¬ 
est contribution in recent years from eclipse observations has 
been the rather perfect knowledge of heights to which the 
gases of the chromosphere extend above the surface of the 
sun. Photographs of the flash spectrum taken without a 
slit give a spectrum of curved arcs from which heights are 
immediately derived. From these heights furnished to Saha 
fifteen years ago he was able to compute the conditions of 
temperature and reduced pressure that cause an atom to lose 
an external electron and become lomzed His theory of 
iomzation coupled with increased knowledge of the structure 
of the atom has made the past fifteen years the most prolific 
and most exciting years in the whole history of astronomy. 

All the prominent lines in the spectrum of the sun have 
been assigned to multiplet groups with known excitation 
potentials measured in electron-volts, the arbntary intensity 
scale of Rowland has been submitted to calibration tests 
which have revealed that the intensities depend on the 
numbers of atoms engaged m the formation of the spectral 
lines. From the weakest iron lines perceptible in the solar 
spectrum to the strongest the number of atoms involved in¬ 
creases about one million times 

A person with no knowledge of the theory underlying 
multiplet groups would not advance very far in the practical 
operation of correlating heights from eclipse spectra with 
intensities before the fact would be forced upon his attention 
that the lmes of greatest intensities generally reach the great¬ 
est heights, and moreover for any element considered, the 
intensities and heights are greatest for lines of lowest excita¬ 
tion potential. 

Fascinating work on sun-spots was started“ by Evershed 
and carried through to completion by St. John using the 150 - 

11 Bekpua of tht Sun, p 340 
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foot tower telescope of Mt Wilson With the slit of the 
spectrograph placed across the image of a spot it was found 
that the wave-lengths in the penumbra of the spots were 
different from the values at the center of the sun These 
“Evershed displacements,” as they are called affected practi¬ 
cally all lines but the amount depended on the intensities of 
the lines The heights derived from eclipse spectra furnished 
the explanation The layers closest to the sun’s surface have 
a motion of translation out of the spot at the rate of 2 km per 
sec At great ei and greater heights this motion becomes less 
and less 

At a certain level the outward motion of vapors ceases and 
at still greater heights the motion of translation is in the 
opposite direction into the spot At the maximum heights 
reached by the H and K lines of ionized calcium, the speed of 
motion into the spot is 3 8 km. per sec 

The Eveished effect shows that there is a circulation of 
gaseous material in the neighborhood of sun-spots, or in other 
words, that each sun-spot is a great vortex 

One consequence of the Einstein theory of relativity is 
that wave-lengths in the sun must be greater than in the 
laboratory, the amount of shift to the red depending on the 
wave-length The best clement for determining the red 
shift ,fl in the sun is iron. From the discussion of abundant 
material together with heights derived from eclipse spectra, 
it is evident that the relativity shift is most certainly present, 
but in addition there are systematic differences between the 
effects shown by the strong and the weak iron lines, the strong 
lines being those that extend to the greater heights in the sun 
The systematic differences are most readily explained ae a 
Doppler shift caused by a circulation of vapors in the sun’s 
atmosphere On account on the higher temperatures and 
higher pressures near the photosphere, the solar activity 
causes the Fe atoms to ascend through the medium of thou¬ 
sands of weak lines of high excitation potentials. In the 
upper reaches of the chromosphere under reduced pressures 

" Ibid , p 416 
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some of the atoms lose an external electron and become 
ionized. Later the atoms descend from their maximum 
heights and m their descent some of the atoms gam an ex¬ 
ternal electron and again become neutral. According to this 
interpretation, in a direct photograph of the sun showing a 
mottled surface, the atoms ascending exhibit themselves over 
the small bright granules and the descending ones over the 
larger dark interspaces, the observed effect bemg an integrated 
one 

In the celestial laboratory in the sun the astronomer has 
available for his researches very high temperatures and very 
minute pressures far transcending the conditions available 
to the physicist in terrestrial laboratories As the result of 
a knowledge of the structure of the atom, Henry Norris 
Russell and others have assigned practically all the strong 
lines in the solar spectrum to multiplet groups and have 
ascertained the energy, measured in electron-volts, necessary 
to produce the spectral lines From a knowledge of the 
multiplet intensity formulae it has been possible to learn the 
relative numbers of atoms involved in the transfer from one 
energy level to another m the production of absorption or 
emission in the sun’s atmosphere 

The heights determined from eclipse spectra to which the 
solar gases extend m the chromosphere have permitted many 
other important correlations These correlations are shown 
by the dozen lines of a multiplet involving 17 strong Fe lines, 
where 100 times as many atoms are active in producing the 
strongest line in the multiplet at wave-length 3820 A as go to 
form the weakest line at 3940 A. Even within a single multi¬ 
plet, the heights found directly from the flash spectrum or 
from the Evershed effect in sun-spots, are not constant in 
amount but the heights are greatest for the lines of greatest 
intensities which involve the largest number of atoms 

Again, a knowledge of the heights from the flash spectrum 
to which the various lines m multiplets are observed combined 
with information from the number of atoms involved gives 

11 Ibid, p 348 
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important knowledge 18 regarding the density distribution of 
various elements m the lower chromosphere. The results 
seem to indicate that turbulance and not selective radiation 
pressure is responsible for keeping the different elements so 
well mixed. 

From the flash spectrum there has been determined 18 the 
relative abundances of various elements and the results from 
the chromosphere have been compared with the abundances 
found in the sun’s reversing layer, in stellar atmospheres, in 
the earth’s crust and in stony meteorites. It is shown that 
within errors of observation the compositions of all samples 
are alike with the exception that hydrogen is conspicuously 
deficient in the earth’s crust and in meteorites and is probably 
much more abundant in the chromosphere than in the re¬ 
versing layer 

The eclipse of 1936 was observed throughout Siberia and 
Japan with much interference from clouds while the 1937 
eclipse had clear skies everywhere In 1936, the BntiBh 
expedition in Japan under the direction of Stratton obtained 
excellent results in spite of many clouds, while in Siberia the 
Harvard-Massachusetts Institute of Technology expedition 
under the guidance of Menzel secured carefully standardized 
and calibrated spectra with large dispersion in the spectral 
region 3200-10000 angstroms. In Siberia, Williams found 12 
new lines in the chromosphere m the infra-red with wave¬ 
lengths between 9000 and 10049 A He also photographed 
eight lines of the Paschen series of hydrogen At the 1937 
eclipse on Canton Island, Dunham secured spectra of the 
chromosphere and corona with large dispersion and jumpmg- 
hlm Mitchell obtained spectra with three concave gratings 
without slit In the infra-red with the Allegheny grating 
he photographed the strong calcium triplet and also 25 lines 
of the Paschen series of hydrogen. Also he photographed the 
strong coromum line at 7892 A, the line discovered in 1925 
by Curtis and Burns using the same grating 

" At trophytical Journal, 77, 1, 1033 
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At the 1936 eclipse from spectra taken outside of totality, 
Boyds 19 of the British expedition found that the red shift 
at the sun’s limb is the same m amount inside and outside 
an eclipse, thus ruling out the possibility that scattering 
in the earth’s atmosphere is the explanation why strong and 
weak spectral lines show different relativity shifts. In the 
same expedition, Thackeray 20 finds that the intensities of 
lines in the Balmer series of hydrogen are in close agreement 
with the theory of Menzel that the hydrogen lines owe their 
intensities to some form of excitation in addition to straight' 
electron capture. From the 1937 eclipse Mitchell finds a 
similar agreement for the intensities of the Paachen series of 
hydrogen. 

Menzel 21 and others at Harvard have published valuable 
results from the 1932 spectra Information is given about 
multiplct intensities and density gradients, self-reversal of 
hydrogen lines and the general theory of curves of growth and 
self-reversal of emission lines Mitchell has nearly ready for 
publication a discussion of the October 21, 1930 eclipse which 
will give a redetermination of heights and the density dis¬ 
tribution of gases in the chromosphere. This discussion was 
aided by a grant from the Penrose Fund. 

On account of the great activity m recent years of eclipse 
observers, particularly the American and British, most of 
the problems have been cleared up that might be attempted 
by interested amateurs with moderate equipment. There 
are many mysteries still connected with the corona, with the 
chromosphere and with the relativity displacements. For 
instance, from spectra taken at the 1936 eclipse it was found 
by Thackeray 20 that the emission lines of neutral metals 
show an unexplained displacement to the violet relative to 
limb absorption. The emission lines m the chromosphere, 
if secured with excellent definition can give valuable informa¬ 
tion about line profiles which m turn will give further inforroa- 

>• Monthly Notice*, 97, S92,1037 

m Ibid, 672, 1037 

« Harvard Clrc, 410,1036 
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tion about the structure of the atom and the mechanism 
whereby lines in spectra are produced. 

In planning for future eclipses, the British have a great 
advantage over us in the United States for the reason that our 
British cousins see each other very frequently at the monthly 
meetings of the lloyal Astronomical Society With us m the 
United States eclipse expeditions become possible only when 
some interested person is able to raise the rather large amount 
of money necessary, while m Great Britain the expeditions 
arc handled more efficiently by the Joint Permanent Eclipse 
Committee organized under the auspices of the Royal Society 
and Royal Astronomical Society. 



PLATE I 


?he total solar eclipse of June 8, 1937, made with 10 seconds cx 
\ Irvine C. Gardner of the National Bureau of Standards, a 
s National Geographic Society-United States Navy Eclipse 
o Canton Island in the mid-Pacific. This photograph was take 
lera designed by Dr. Gardner and built at the National Bur 
,ard». It has a nine-inch astrographic lens composed of four se 
ments. 
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PLATE II 



The 1937 Corona 

graphed with a camera of six inches aperture and fifteen feet 
i by John E. Willis, of the U. S. Naval Observatory, a member c 
nal Geographic Society-United States Navy Expedition. Tii 
ure 24 seconds. 
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VITRIFICATION AND CRYSTALLIZATION OF PROTO- 
PHYTA AT LOW TEMPERATURES 

ALEXANDER GOETZ AND S SCOTT GOETZ 

California Institute of Technology, Cryogenic Laboratory 
(Communicated by Defclov W Bronk) 

Abstract 

I Theoretical Corunderahoiut 

The conditions which determine whether u homogeneous liquid will solidify 
into the crystalline or into the vitreous Btate are discussed and a bnef account of 
the rAJc of the speed of uystallization, V t and that of gram formation, W, is given 

These concepts are applied to the (ausos of the death due to crystallization 
of non-dehydrated organic (ells, and the physical conditions of cooling are 
developed under which such organisms tan be solidified with a minimum of 
crystallization, assuring to this extent the preservation of their potential life 

II Experimental Procedure 

A method of staining cells of i^itam types (yeasts) which is indicative of 
their living or dead condition is described Thus the death rat*, ft, for exposure 
to low temperatures under different conditions, can lie determined by dirw t count 

Different techniques of exposure favoring and preventing crystallization are 
developed 

III Experimental Remit* 

The rate of cooling of suspensions of living cells in aqueous media was varied 
from 1 to Iff 4 deg sec 1 and thus conditions favoring either crystallisation or 
vitrification of the cell plasma were produced The death rate at an exposure 
of — 185° C was thus varied from approximately 7G per cent to approximately 
3 per cent 

The duration of exposure at this temperature was varied from 5' to 6000', 
no appreciable influence of the time of exposure wua found 

The temperature to which the cells were cooled was varied from the boiling 
point of liquid air (— ° C ) to the boiling point of liquid hydrogen (— 2 r >2° C ) 
without appreciable influence on the death rate Indications, however, were 
found that at — 50° C the duiation of exposure affects the death rate 

Repeated exposures of the same tells under condition* not especially favoring 
vitrification wore studied and the integral death rate, ft» (death rate after nth 
exposure) was investigated with respect to a constancy of the death rate (ft) 
at each freezing It appears that the death rate for repeated freezings is not 
controlled by simple probability relations, but that other effects enter such as 
weakening of cells by previous exposures and the selection of cold-resistant cells 
by survival 

I. Theoretical Considerations 

(a) Crystallization and Vitrification .. 

The transition from the liquid into the solid state by 
lowering the temperature of the system can occur in two ways. 

TOOCBED1NQS Or THE AMEKK AN PHILOSOPHICAL SOCIETY, 
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In one case the liquid phase changes into the crystalline; the 
act of crystallization is then characterized by the emission of 
heat of fusion. Thermodynamically speaking, the crystalliza¬ 
tion reduces the entropy of the system as well as the heat 

content ^ QdT the free energy is a minimum (strictly 

true only for an ideal crystal) and the state is thus the most 
stable for this particular temperature, and, in general, in the 
absence of allotropy, the most stable down to the lower end 
of the temperature scale 

Experience has shown, however, that in spite of the high 
stability of the crystalline state, crystallization does not neces¬ 
sarily take place In other words, the actual occurrence of 
crystallization depends on a number of statistical conditions 
which, if not fulfilled in the experiment, prevent the liquid 
from the attainment of a state of larger stability (higher degree 
of order) In such cases the system remains a “liquid” for 
the rest of the temperature scale Needless to say, the word 
“liquid” refers m this connection to the statistical arrange¬ 
ment of the molecules of the system, m contradistinction to 
the regularity of the arrangement m a crystal. It does not 
refer to a number of other physical qualities such as viscosity, 
etc. In fact, the viscosity soon increases with decreasing 
temperature to such an extent that the substance is physically 
solid but not a crystal This state is generally called the 
glassy or vitreous state * It is physically characterized by a 
continuous increase of the viscosity as the temperature is 

* The following scheme is rather descriptive of the state of a system, repre- 
ftenting all possible combinations 


1 

Solid 

2 

Liquid 

a 

Crystal 

(anisotropic) 

6 

Glass 

(isotropic) 


la is a crystalline solid, 2b a normal monomolecular liquid, 16 a vitreous solid, 
2a a crystalline liquid (certain organic liquids and probably the second modifica¬ 
tion of liquid helium) A glass would thus be represented by 16 
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lowered, by a rem ain i n g isotropy and by the absence of any 
discontinuity at the melting temperature, thermodynamically 
it is characterized by a higher entropy as well as a higher heat 
content, the latter resulting from the fact that the heat of 
fusion remains within the system (Fig 1.) 

The factors that determine which of the two states will 
occur when the liquid is brought below its melting temperature 
are several, and, as they have important bearings on the 
problem, will be briefly outlined. 


uoutp 


Crystal 


T T„ 

Fig 1 Q(T) —Diagram for the liquid, vitreous and crystalline state of a 
substance in general (Tm ■> temperature of fusion ) 

Tammann 1 gave the first, systematic description of the 
tendency of a supercooled liquid to form “grains,” i e., nuclear 
centers of crystallization within itself, and defined the number 
N of such centers originating at constant temperature per 
unit time in a unit volume as a characteristic constant for a 
particular substance. He also showed that N depends upon 
the temperature in a way as shown qualitatively in Fig 2a, 
at T m (melting temperature) N is zero, but increases rapidly 
to a maximum value at a temperature in the vicinity of T m . 
It then decreases again and disappears at lower temperatures. 
The reason for this latter behavior is obviously due to the 
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rapidly decreasing mobility of the molecules at lower tempera¬ 
tures, so that one would expect the decline to be proportional 
to the increase of the viscosity Aside from this, N depends in 
the most general way upon the probability of the formation of 
centers within the system. This probability is obviously con¬ 
trolled by the following factors the number of molecules 
within the system, the mobility of the molecules within the 
liquid and the configuration of the crystal lattice characteristic 
for the particular liquid Qualitatively speaking, it can be 
said that the smaller the symmetry of the crystal lattice and 
the farther the molecular configuration of the lattice is re- 



Fio 2a N(T )—Diagram representing the variation of the formation of 
crystallization centers with temperature 

Fia 2 b V(T )—Diagram representing the variation of the linear rate of 
crystallisation with temperature In the omitted temperature interval V 
remains constant 

moved from that of close packing, the less is the probability of 
the formation of a nucleus 2 Finally, certain other factors 
have to be considered, such as molecular association at tem¬ 
peratures slightly above the melting point (H*0) as well as 
the presence of surfaces within the liquid such as colloids and 
suspended particles in general 

The second mam factor is the linear rate of crystallization 
V, which characterizes a liquid in a way similar to N and has 
also a qualitatively similar dependence on the temperature; as 
shown in Fig. 2b, it rises from zero to T s T m , attains a 
maximum, remains constant for a certain interval and then 
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declines towards zero The causes of this behavior are some¬ 
what analogous to, although more complex than, those for N. 

The difference between a substance with a high N and a 
small V and one with a small N for a large V is that under the 
same cooling conditions a polycrystalline conglomerate would 
result in the former, and an ohgo- or even smgle-crystalUne 
habitus in the latter case One can thus predict that hquids 
with small N and small V should have a tendency to vitrify, 
provided they are cooled sufficiently rapidly to a temperature 
where N and V are negligible 

One result of these considerations is that it should be 
possible to obtain every substance in either a vitreous or a 
crystalline state, provided that the proper conditions are 
maintained during the critical interval of temperature where 
N and V have large values This postulate, however, has 
been verified foi only a limited number of substances. 

(b) The R6le of Crystallization m the Cold Death of Cells 

The irreversible changes which organic matter undergoes 
when exposed to low temperatures are of so involved a nature 
that even for the limited field of this paper certain general 
remarks have to be made 

From the highly diversified literature on the subject of 
exposing live matter to temperatures below room tempera¬ 
ture 3 it is evident that there exists a form of cold death which 
may be termed “ constitutional” (CD). It occurs if the organ¬ 
ism is kept below its normal temperature longer than its energy 
supply lasts for counterbalancing the adverse effects of the 
cold It is obvious that this CD can occur at any subnormal 
temperature before freezing, but the time factor as well as the 
type of organism will have a large influence upon the effects 
observed The phenomenon of CD is outside the scope of this 
paper 

The other type of destruction of organic matter due ^o low 
temperatures is that caused by the crystallization of the cell 
plasma or liquids surrounding the cell, causing either a rupture 
of the cell membranes or some form of irreversible disorder 
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within the cell so that after thawing, the cell does not resume 
its activities characteristic for the hve state This phenom¬ 
enon shall henceforth be called “physical” cold death (PD) 
When death occurs below the freezing point this PD as the 
only death cause is apparently restricted to the simplest forms 
of life, whereas, for higher forms it is often not possible to 
decide whether CD or PD caused the destruction The 
numerous reports and experiments which claim the occurrence 
of “supercooling” in live matter fall into this realm It has 
been described by several authors 4 that live cells have the 
tendency to supercool, that is, that the cell content remains 
liquid although the temperature stays below zero. If the 
temperature is reversed before crystallization starts, the 
process proves to be reversible, i e , the cell remains alive 
Very early similar phenomena have been found by Bachme- 
tiew 6 on fairly high forms of organic matter, such as larvae of 
insects, which proved to be able to supeicool over fairly large 
ranges down to — 15° where crystallization suddenly started, 
causing the death of the organism The well known freezing 
curve Fig 3, demonstrates that the irreversibility sets m with 
the beginning of spontaneous crystallization, indicated by the 
sudden rise of temperature from the minimum temperature to 
the freezing point, due to the display of the heat of crystalhza- 



*'? Q ® Temperature-time function for (l) continuously cooling substance, 
(2) eubetanee crystallising at remaining at T. for the time i\ (8) rabatanee 
super-cooling down to D Due to the emimion of the heat of crystallisation T 
non to T m for the time 1" Type (3) is characteristic for organic eubetanee 
Death eeta in at D 
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turn. As soon as the organism is made to display this heat, 
death occurs. There seems to be no doubt that this death is 
PD, although it is not easily decided whether the tendencies 
towards supercooling characteristic for live organisms are of a 
constitutional or a physical nature. 

It is, however, definitely proven that there are numerous 
species of organisms to which the CD does not apply, as shown 
by the experiments on thoroughly dehydrated protozoan • 
and even metazoan 7 forms which withstood, without par¬ 
ticular precautions, temperatures down f o the boiling point of 
He (4 2° K.). In these cases the PD was avoided by com¬ 
plete dehydration so that no substance for crystallization was 
present Experiments of this type are of course restricted to 
seeds, spores and infusoria, and it is also obvious that neither 
the time of exposure nor the temperature has any influence. 

The question arising from these known phenomena is* is it 
possible to expose non-dehydrated organisms to low tempera¬ 
tures without destroying their potential life? It is known for 
a number of bacteria, moulds and fungi which contain only 
very small quantities of liquids, that they survive very low 
temperatures without dehydration, whereas, it is also known 
that the majority of protozoa and plants cannot be cooled 
without the destruction of life 

(c) Conditions of Vitrification 

It has been stated above that the PD consists m the crystal¬ 
lization of the cell plasma This leads to the assumption that 
if conditions under which the organism is cooled can be so ar¬ 
ranged that vitrification is more probable than crystallisation, 
the PD should be avoided. In contradistinction to crystalli¬ 
zation, vitrification would not disturb the molecular arrange¬ 
ment of the cell contents, and also, the more macroscopic 
effect of crystallization, the lesion of the cell membrane, is 
impossible. 

The greatest handicap in experiments connected with the 
vitrification of water and diluted aqueous solutions is the un- 
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usually high value of N and V (see I, a) which render any 
attempts at the vitrification of organisms very difficult. 

The fundamental conditions to be fulfilled for obtaining the 
vitreous state are the following ones 

1 Since for a given value of N the probability for the 
formation of a nucleus in a given system depends upon the 
number of molecules available, the system should be chosen as 
small as possible, i e , to contain a minimum of molecules 
The minimum size of a system for organic matter is a single 
cell, among different cells the smallest should have the largest 
probability of vitrification 

2 Fot a given N and a given number of molecules, the 
probability of the occurrence of a nucleus depends upon the 
temperature (m the way shown in Fig 2a) and the time during 
which the system is at a certain temperature As N decreases 
exponentially towards low temperatures after the maximum, 
it is very important to cool the system as quickly as possible 
over the temperature interval in which N has large values 
Below this “cntical”, temperature interval, the cooling rate is 
of no importance as far as N is concerned From this it is 
obvious that the ultimate temperature to which the system 
is cooled is irrelevant as long as it lies below the "critical” 
temperature range. 

3. It, has been stated above that N depends upon the com¬ 
plexity of the molecular configuration in the crystal. As it is 
not possible to change the chemical constitution of the aqueous 
solution within and around the organism without damage to 
the latter, the only way consists in increasing the surface ex¬ 
posed to the liquid, this can be accomplished by the addition 
of complex colloidal matter causing, due to the increase of 
molecular complexity, a decrease of N Such substances 
(hydrosolcs of organic substances) are gelatine, agars, glues, 
the addition of which does not affect the organism. 

4. The spontaneous rate of crystallization depends upon 
almost the same physical factors as N, accordingly, the con¬ 
ditions for vitrification with respect to N hold also for V, with 
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the possible exception of 3, in which latter case the addition of 
colloidal matter reduces V in certain cases 

It is generally to be assumed that V is a much more critical 
factor than N for the avoidance of PD * In order to control 
V, it is necessary to consider the critical temperature interval 
for V just as accurately as for N Another point to be con¬ 
sidered with respect to V is the time of exposure to low tem¬ 
peratures. As V, for thermodynamic reasons, will become 
zero only at zero temperature, it is to be expected that a 
gradual, though slow, crystallization out of the statistical ar¬ 
rangement of the glass will go on with time One should there¬ 
fore expect that the time of exposure will have an effect upon 
the probability of the survival of the organism unless the 
temperature is chosen so low that the value of V is sufficiently 
small to be negligible for time intervals on a terrestial scale. 

5 If it is desired to warm the vitrified substance while 
preserving the capacity for life, condition 2 has to be fulfilled 
m warming as well as m cooling in order to avoid crystallization 
when the substance passes the critical temperature interval m 
the direction towards room temperature If the final tem¬ 
perature be chosen sufficiently low (that of liquid air) the 
warming process is not as critical as the cooling process in this 
particular regard, because the critical temperature interval for 
aqueous solutions ends at approximately — 110° C. 8 so that 
an interval of 70° is available for the time of transfer from 
one bath to the other, where the warming rate cannot be 
forced 

* It can be taken as a generally accepted fact that a perfect crystal la juat 
aa well an ideal abstraction as a perfect glass The X-ray spectroscopic evidence 
has not yet proved the existence of either of the ideal states In the ease of the 
vitreous substances, even fused quarts has been proven to contain small realms 
of crystalline molecular array, the dimensions of which are far below the limit of 
optical detectability To speak of the vitreous state of a cell is thus an inaccuracy 
and that a cell is “vitrified" if the sun of the crystalline realms are smaller 

than dimensions fatal for the particular cell This relation may serve to explain 
that organisms of different types but of approximately the same dimeasmns and 
structure cooled under identical conditions do not survive with the same proba¬ 
bility The sise of the realms is determined by V, whereas AT determines their 
concentration 
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II. Experimental Procedure 
(a) Determination of the Death Rate 6 
A quantitative experimental study of the PD or organic 
matter requires, besides an adequate experimental technique 
for the production of the conditions of vitrification, the estab¬ 
lishment of a definite criterion of the live or dead state of the 
cell The most obvious way is the growth of cultures of cells 
treated, if the organisms represent bacteria, fungi or protozoa 
easily cultivated This technique has been used generally in 
the work quoted/ also in the first experiments of the authors 
It is, however, not indicative of the actual death rate because 
of the purely qualitative indication of the existence of some or 
even one surviving cell Furthermore, such experiments 
which require absolute sterility in order to obtain positive 
results, seem offhand undesirable and to be chosen only if no 
other method is possible 

Another way, which has the advantage of measuring di¬ 
rectly the death rate 5, that is, the ratio of dead cells to the 
total number of cells present, is the use of motile protozoa 
where the sample can be counted before and after exposure, S 
is then established by the count of the still and the moving 
organisms This method also was tried extensively It 
turned out, however, that it is often very difficult to distinguish 
between a dead organism and one in a state of rest, which 
state most motile forms can enter 

It was therefore considered most fortunate that a method 
of differential staining was found applicable which permits 
visual distinction between dead and live cells. Experiments 
of the authors on a large variety of organisms showed that the 
use of colloidal stains is not necessarily indicative for PD, but 
that stains of the type of methylene blue, which are not in 
general considered colloidal,* can serve as very reliable mdi- 

* It is known that a number o( stains, most of them, however, of a colloidal 
character, such an congo red and trypan blue, do not affect certain organisms 
while they are alive, and that the dye can stay in contact with the cells for a 
considerable length of time if not too concentrated Seyderhelm and collabo¬ 
rators,' used a mixture of congo red and trypan blue known as “Seyderhelm 
stain'' It was applied first to leucocytes as s differential stain and also to 
protosoa.*' 
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cators if a number of precautions are taken Such dyes have 
lethal effects if too concentrated and it is necessary to find for 
each type of organism the proper concentration, which latter 
obviously consists in a compromise between a concentration 
high enough to give a well stained effect upon the dead cell, 
though at the same time small enough not to have lethal effects 
within the time of observation 

This being once accomplished, the technique becomes very 
simple and seemingly more reliable than any other method if 
a number of technical precautions are observed The death 
rate 5 is determined simply by placing a drop of the treated 
culture containing the dye on a slide under the microscope and 
taking one or several photographs of it An enlaigement of 
the photograph is made and the number of stained and un¬ 
stained cells counted 

Two conditions have to be fulfilled here It is important 
to filter the illuminating light m order to produce a maximum 
contrast between the stained and unstained cells, i.e , the light 
should contain chiefly the colors complementary to those of 
the dye used. This condition being very important, it renders 
it necessary to find, either by trial and error, or by spectro¬ 
scopic methods, the proper filter combination for each dye 
Furthermore, the sensitivity of the photographic emulsion has 
to be chosen properly The photomicrographs show thus 
white and black cells which can easily be counted 

Secondly, it is important to choose the magnification and 
the concentration of the preparation in such a manner that a 
large number of cells (several hundred to several thousand) 
are on one photograph, in order to obtain fair statistical per¬ 
centages The errors connected with this method are small 
and can occur only if more than one layer of cells is in the 
preparation, as if several cells lie on top of each other, the 
effect of a dark cell may be created. This can be avoided by 
applying the following technique the carefully cleaned slide 
is slightly heated and then covered with a thin layer of cleared 
gelatine solution The slide is then allowed to cool and dry 
until the gelatine is almost completely hardened. A concen- 
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trated drop of the culture containing the stain is then put 
upon the gelatine coat and distributed over the latter by 
rubbing under very gentle pressure with a fingertip until all 
of the gelatine is equally wetted. A wetted cover-glass is 
then slipped over the slide and the surplus liquid soaked up 
with filter paper Investigation has shown that 6 is not in¬ 
creased by this manipulation Under low magnification one 
finds large regions on the preparation consisting of 10* to 10 4 
individuals in monocellular arrangement. Counts within 
these realms prove to be very reliable 

Another precaution has to be taken if the organisms are 
sensitive to blue light or to heat In this case they are de¬ 
stroyed during the time of observation by the illuminating 
light souice In such cases it is possible to observe a rapid 
increase of stained cells within a short time during observation 
of the slide. This renders it necessary to use effective heat 
filters and also to shorten as much as possible the time of 
exposure to the light 

(b) Techniques of Vitrification 

In the following, a number of different techniques will be 
briefly described which have been employed by the authors in 
order to realize experimentally the conditions of vitrification 
discussed m (Ic). 

Condition 1 calls for small systems of molecules, which 
means either the isolation of the single cell as the minimum 
size of a system or, where the cells are small enough, the use of 
small droplets or thin layers (membranes). This has been 
done in cases where bacteria were used by spraying liquid 
cultures through nozzles similar to atomizers. This method 
is applicable only where the organism is small and has sufficient 
mechanical resistance to stand the shear to which it is sub¬ 
jected when passing the nozzle at the speeds necessary to 
atomize the more or less viscous liquid. 

If the cells are too delicate, it is possible to resort to a 
technique which produces a thin membrane of the cell-con- 
taining culture medium in a large platinum loop. In this 
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case the largest surface possible for a given volume can be 
created in a relatively simple manner 

Condition 2 requires a high rate of cooling over the critical 
temperature interval, which is not as easily realized. It is 
obvious that the culture medium should be brought in contact 
with the low temperature bath as quickly as possible, and also 
that this bath should have a temperature as low as conveni¬ 
ently possible, e g , that of liquid air (90° K ). This can be 
done by shooting the spray under pressure into the cooling 
bath, or by dropping the membrane with its holder as quickly 
as possible into it Experiments prove, however, that all 
such efforts to overcome V with the cooling rate arc rendered 
futile by the “Leidenfrost phenomenon’’ which consists of the 
formation of an insulating gas layer around the warm object, 
rendering a quick temperature exchange impossible It is 
obvious that this phenomenon will always occur when the 
boiling point of the cooling medium lies below room temperature, 
i e , the temperature of the medium at its introduction As 
the cooling bath has to have a very low temperature, only 
very few substances for such cooling purposes are available 
(as they must also be liquid at low temperature) 

Another condition has to be imposed upon this substance 
which is also imperative—it, must be insoluble m water The 
only substance which was found to fulfill these conditions is 
iso-pentane (C’ t Hi») with a boiling point at 28° C and a melt¬ 
ing point at — 159 6° C 11 * As iso-pentane has, hke most 
other substances of very low crystallization temperatures, 
small values for N and V, it, can be undercooled to the boding 
point of Ni, where it remains a clear liquid of syrupy con¬ 
sistency. Fig 4 shows the arrangement where a container 
with iso-pentane is submerged into a Dewar vessel containing 
liquid air The temperature of the pentane is easily measured 
with a thermo-couple or pentane thermometer. 

The realization of condition 5 is also easily obtained with 
the use of volatile hydrocarbons; the substance is transferred 

* The use of isopentane for such experiments m only possible ainoe it does 
not affect the cells as a solvent nor by any observable chemical reaction 
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as rapidly as possible from the pentane bath into a bath of 
petrol-ether at room temperature and is moved vigorously in 
the latter, in order to further a rapid temperature exchange. 




Fia 4 Schema of cooling apparatus D, De war-vessel containing liquid 
nitrogen (NO, suspended in it a container with iso-pentane (CiHit); Th, pentane 
thermometer, L, submerged platinum loop holding culture membrane 

Condition 3 may find its fulfillment in a number of ways. 
The introduction of gelatine has been used fairly early m the 
work, and observations similar to those of Luyet 12 have been 
made 







The process of vitrifying thus goes on as follows 
[id culture lfcedium (cf. below) is introduced ir 
lying mechanism and sprayed into the pentane bath 
h liquid air.vr the culture medium is brought into tl 
drop beingfhinned to the point where the membrj 
ies almostunstable. Then the membrane is dip 
idly as poeible into the pentane bath. For warmi 



io 5 tfltramim >»copio photoumph of monocellular layer of < 
cerevimke (cardio ><1 condenser, obj upoclir. 20 X, inagn. 250 
hromeji. j 

contents of Jthe pentane bath are transferred as j 
ssiole into t|he ether bath at room temperature, 
len placp/1 upon a microscopic slide, the indicato 
lei d in the proper concentration (cf. Jla) and after 


i numbers <5 is determined. 


(c) The Use of Yeast (Saccharomyces Ccevisiae) 

r ith regard to the considerations of Ho, itseemed a 
jO choose organisms for the low temperatup experin 


f 


». 6. Microphotograph of unexpo wed Sacchanmy fCe8 certmxiae (apl 
apochr. 20 X, magn. 250, orange + green filter, / Vgfa Superpan, t\ 

j 

are easily obtainable in pure culture, and wher 
dual cells are large enough not to necessitate the i 
scopic objectives of extremely short focahlength/,ca 
iracies in the counts. The chief condition for je 







the time of the experiment. 

2 yeast was obtained as commercial bread yea 
ded in Ringer’s solution, where it remains stabl 
r of hours. For each set of experiments new yet 
his procedure was chosen as it proved to give mo 
Bsults than those obtained with the same yeast 



7, Microphotograph of SaccJuiromyces cemritiae once exf 
3. under vitrifying conditions (apl. oond. 1.4, obj. apochr. 20 > 
ellow filter, Agfa Super pan, tungsten arc). 


quid nutrient media. Another advantage is th 
or staining method showed an equal resistance 
11s to the stain, whereas cells taken from a ni 
i show a varying percentage of individuals suscepl 
in. 


d in the ultra-microscope, where the superposi 
11s can be seen if present. Fig. 5 presents an 
■opic view of such a monocellular layer of Sa( 
cerevisiae. 

counting purposes, however, direct illumination 
d since the ultra-microscope does not permit 
lion between stained and unstained yeast cells. 



8, Microphotograph of Saccharomyces cerevisiae once oxj 
'■ (ftpl, cond. 1.4, obj. apochr. 20 X, magn. 250 X, orange filt 
, tungsten are)- 


III. Experimental Results 

I Death Rate under Conditions Especially Favorat 
to Crystallization 
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The preparation was left at thu temperature for a few 
minutes and then warmed to room temperature The death 
rates thus obtained varied considerably for different experi¬ 
ments, as the method used did not permit of the exact repro¬ 
duction of the cooling rates. The average values obtained 
are given in Table 1. 


TABLE 1 


Approx cooling rate (deg sec* 1 ) 

20 

6 



Approx death rate (6) 

0 29 

049 




There are indications that with further decrease of the 
cooling rate a death rate of 100 per cent ({ « 1) can be 
reached. 

(b) Death Rate under Conditions Especially Favorable to 
Vitrification 

The next step consisted in reversing the physical conditions 
of cooling by applying the principles set forth m Chap lie. 

The quantitative results presented in Table 2 are obtained 
with the loop-method (Chap lib) for T 0 between — 150° C 
and — 185° C on yeast suspensions identical m nature, age, 
etc , with the suspensions used previously. 


TABLE 2 

(v ** 10* to 10* deg sotT 1 ) 


t 

N 

D 

ft 

3' 

0 

639 

7 

0 011 - 


Circ 2' 

2282 

194 

0087 

0076 

Circ 2' 

1071 

141 

0131 

0*120 

Total 

3303 


Average 

ooo8 


As the submersion was done by hand the rate of cooling 
(v * dt/dt) is not expected to be the same in different experi¬ 
ments, for large values of v are required in view of the magni- 
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tude of V for aqueous solutions. In the subsequent tables the 
following symbols are used 

t = Time of exposure, 

N = Total number of cells present in the photograph, 

D => Number of stained cells, 

5 = jy * Apparent death rate, 

S 0 = Death rate already existing in the preparation before 
exposure to low temperature, 

6' = 8 — So = Actual death rate by exposure, 

v = Rate of cooling. 

Figs 0 and 7 represent photomicrographs of preparations 
before and after exposure under these conditions. 

In accordance with condition 3 (Chap Ic) the effect of 
colloidal admixtures upon 8 was tested with the following 
results (€„ gelatine concentration) 


TABLE 3 

(e ~ 10* to 10* deg sqc -t ) 


C. 

/ 

N 

D 

4 

«' 

0 

0 

822 

67 

0069 - « 0 

— 

1/2600 

2' 

601 

74 

0147 

0078 

1/250 

2' 

447 

67 



1/50 

2' 

390 

60 

0128 

0 059 


Although the material so far collected is not sufficient in 
volume for a final quantitative statement it is evident that 

1. exposure to low temperatures under vitrifying condi¬ 
tions increases the percentage of surviving cells from 25 per 
cent to 90 per cent. 

2. addition of gelatine decreases 8 still further * 

This appears to prove the previous postulate that PD and 
crystallization of the cell are defined functions of each other, and 

* The result* In table 2 are unfavorable to t because of the high value of >« 
which indicates a low vitality of the particular preparation used 
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that by impressing the crystallization the death rate can be 
controlled 

The definite proof depends upon a quantitative determina¬ 
tion of 8 — /( v) r, for which the primitive methods employed so 
far are insufficient. Results with improved apparatus will be 
published soon. 

(•) Death Rate under Conditions Favoring the Coexistence of the 
Vitreous and the Crystalline State 

In order to determine the influence of the temperature, 
duration of exposure etc , the cooling conditions for the follow¬ 
ing experiments were chosen so that 8 ranged reproducibly 
between 0.25 and 0.50 in order to dispense with the necessity 
of counting very large numbers of cells for obtaining sufficient 
accuracy. 

1. Death rate as function of duration of exposure to low 
temperatures (8 — f(t) T ) 

The procedure of cooling chosen to meet the above condi¬ 
tion for the study of the variation of 8 with t, was as follows 

A given quantity (5 c c ) of a standard suspension of yeast 
m Ringer’s Solution was put into a test tube and submerged 
m liquid air, in order that a relatively slow cooling rate might 
obtain A number of tubes were prepared m this manner and 
exposed for different lengths of time to — 185° C\, the shortest 
time being 5' (the minimum time for the complete cooling and 
thawing process) the longest 6000' Precautions were taken 
that the warming speed be the same for all samples The 
slides were then prepared according to the above method and 
the results, condensed m Table 4, were obtained 

In Fig 9 the results are plotted vs the logarithm of the 
tune of exposure, where the diameters of the circles (•) 
represent the estimated accuracy of the counts . 

The results obtained show a good consistency of the values 
and indicate that, in agreement with postulate of condition 4 
in Ic the duration of exposure does not affect 8, even if T is 
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TABLE 4 


t 

n 

N 

D 

4 

0 

m 

1312 

10 

0012 « 

■a 

070 

1300 

405 

0309 

0.318 

5' 

it 

1017 

334 

0328 

17' 

123 

1252 

391 

0.312 

0324 

17' 

a 

1101 

402 

0337 

60' 

178 

2145 

655* 

0305 

120' 

208 

1489 

431 

0 289 

210' 

2 32 

1216 

348 

0,285 

1080' 

303 

858 

291 

0339 

OOO'O 

3 78 

1076 

641 

0824 

Total 

i 

mss 

Average 

0 312 


varied by a factor > 1000, if the temperature i8 far below the 
critical temperature interval. 

The reaction of an older yeast suspension (48 h) to — 185° 
C. under the same conditions shows a higher 8 (0.48), indi¬ 
cated in Fig. 9 as • 

2. Death rate as function of temperature (8 = f(T) t ). 

In order to test the conclusion made previously that below 
the “critical” temperature range the temperature should not 
have any influence upon the death rate, a preparation identical 
with those described m (III.c.l) was exposed to the boiling 
temperature of hydrogen (— 252° C.). The experiment was 
performed as follows. 1 c.c of the suspension was sealed in a 
glass tube and submerged first in liquid air for the purpose of 
precooling. It was then transferred quickly into a container 
of liquid hydrogen and left there for approximately four hours. 
It was then transferred again into a liquid air bath, where it re¬ 
mained 24 hours. Then it was warned to room temperature 
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Fig 9 a(f) —Diagram representing the invariance of the death rate with 
time of exposure, the latter being represented on a logarithmic scale *o * death 
rate for the unexposed suspension, • for fresh suspension at — 185° C , • old 
suspension at — 185° C, O for fresh suspension exposed to — 60° C 0 old 
susp at - 262° C 

at the normal rate, after which 5 was measured in the usual 
manner 

The suspension was of 48-hour age, characterised at liquid 
air temperature by 8 * 0 48 (see III.c 1). The value ob¬ 
tained in the liquid air—hydrogen exposure (®) proved to be 
S - 0.46, which is, within the experimental error, identical 
with the liquid air value This indicates the invariance of 6 
with T below the critical temperature range 

Although sufficient data are not yet available for a reliable 
indication, it may be mentioned that similar experiments 
have been performed at - 50° C, that is, within the critical 
temperature range (marked by o m Fig. 9) by means of pen¬ 
tane cooled in a solution of COt in acetone. The value of J, 
under otherwise similar conditions, proves to be about 0.5 for 
an exposure of several minutes for a freshly made suspension, 
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i.e , 18 per cent higher than the average 8 = 0 31 for a fresh 
suspension at — 185° C 

c Death rate as function of the number of repeated 
exposures to low temperature (8* * /(»)«, r, 

A different type of experiment can be deviBed m order to 
gain insight regarding the nature of PD m organic matter 
from another angle. 

If the same sample is repeatedly exposed to low temperatures 
under identical cooling and warming conditions To), the 
following simple mathematical consideration should be ap¬ 
plicable If N is the total number of cells, D n the number 
stained (dead), L n the number unstained (alive), both after n 
the nth exposure, then 8 = D x /N, X = L x /N , 8 = (1 — X) 
after the first exposure The total death rate (determined by 
count) after the nth exposure is therefore: 

9 &(\ n — l 1 

8» = /(n)„, r. - L 8 X“'> - = 1 - X» 

The experiments were conducted under similar conditions 
to those described in III.c.1, te, for medium values of 
8( «= 80 Table 5 represents the results together with calcu¬ 
lated values of 8* for comparison 

TABLE 5 


n 

N 

Dn 



5. - (1 - \ 9 )i, 

0 

1312 

16 1 

0012 


_ 

1 

1200 

401 1 

0 333 

0333 

0423 

2 

1350 

HKjTH 

0667 

0 562 

0 667 

3 

1370 

1070 

0 781 

0 700 

0808 

4 

840 

660 

0 706 

0 700 

0 880 

6 

— 

— 

— 

0 865 

0036 

Total 

6081 






Figure 10 illustrates the difference between the experi¬ 
mental and the theoretical function, which later has been 
calculated up to n - 5 for 8 » 8««« and for 

8 - 1 - (1 - 8 ,) 1 '*. 
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The observations show a systematic deviation from the 
theoretical functions beyond the experimental error, as 6* « P 
(n) increases faster for n = 2, 3 and again reaches numerical 
equality for n = 4 with the expectation of decreasing below 



Fia 10 4»(n)—Diagram representing the integral death rate after repeated 

exposure to — 186’ C under normal cooling conditions The full drawn lines 
represent the observations, the dashed lines the prediction for f ■ const, the 
lower for t - ti, the upper for * - 1 — (1 - 

the theoretical values for n = 5 In other words, the be¬ 
haviour of the function indicates that 8 does not stay constant 
with repeated exposures, for S t and 6a are larger than 8 1 and S 4 
Although the number of counts and experiments are, up to 
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now, not sufficient for a definite statement, the possible causes 
for this type of deviation will be briefly discussed. 

1 . The first exposure weakens a certain fraction of the 
cells against PD but they are not destroyed. These cells can¬ 
not resist a second or third exposure and thus contribute 
largely to h and 8 ». After all such cells have been destroyed, 
5« is again normal (the close numerical coincidence for 64 in 
Table 5, is of course to be considered accidental). It is also 
to be expected that for S 6 the values would be even smaller 
than predicted because the remaining cells represent a selec¬ 
tion of those with the most resistant qualities. 

With this assumption it appears nevertheless surprising 
that the first exposure does not show the largest death rate 

2 A large fraction of cells killed m previous freezings is 
physically annihilated by crystallization (bursting the cell 
membrane) during later exposures to alternatingly low and 
high temperatures Thus with each new freezing, the number 
of cells killed dunng previous exposures is gradually decreased, 
as these burst cells become invisible and drop out of the count 

In order to make certain, it is necessary to modify the 
present method of counting to include a measurement of the 
concentration of the suspension. Experiments of this type 
have been performed with the use of a hemacytometer modi¬ 
fied for this purpose. The results so far obtained indicate 
qualitatively that such a phenomenon actually takes place.* 
Further results along this line will be published soon. 

This effect, however, cannot explain the increase of it, $ 
over 81 , for which only the physiological cause previously dis¬ 
cussed appears to account 

The possibility of “weakening” cells by exposure gains 
probability in view of the fact that in these last experiments 
small cooling velocities were used, possibly allowing time for 
destruction by CD. It is to be expected that the 8»(n) 
function will change considerably for forced cooling conditions. 
Work in this direction is continued. 

* Recent experiments in which the total population was determined with the 
counting chamber after each consecutive n seem to indicate that the number of 
cells stays more or less constant aud that, in any case, the decrease measured 
cannot be made to account for this effect 
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NEUTRAL PARTICLES IN PHYSICS 

KARL K DARROW 

Physicist, Bell Telephone Laboratories 
{Head April , 1938) 

Abstract 

During the early days of science, the elementary particles which scientists 
and philosophers alike saw fit to postulate were always imagined as changeless 
With the remarkable growth of the understanding of electricity during the 
nineteenth century, and with the invention of instruments for detecting small 
charged particles during the twentieth, it became the custom to suppose that the 
f undamental particles of matter all bear charges and that the forces exhibited in 
Nature are all electrical (exception being made for gravitation) A noted and 
Rcrious objection to this view was temporarily met by the adoption of quantum 
mechanics Since 1930 a reversal of trend has set in, heralded by the discovery of 
the neutron ns a subatomic < hargeless particle capable of independent existence, 
and at present there is a strong tendency to develop the view that neutral as well 
as charged particles of subatomic nnse, and non-electrical as well as elec tncal forces, 
exist togethei in Nature 

I hope that it may entertain you to hear some general 
remarks on the status of fundamental neutral particles m our 
present idea of the world Right at the outset I flounder 
into difficulties with my phrasing, for there is a certain amount 
of presumption and risk in referring to any known particle by 
the word “fundamental ” Of course there is no objection to 
applying that word to, let me say, the atoms of Lucretius 
Lucretius never pretended to have observed the atoms which 
he talked about, he merely imagined them, and so he could 
define them m such a way that they couldn’t help being 
fundamental by definition But when a physicist refers to a 
so-called fundamental particle, he is referring to something 
which can be and has been observed Therefore he is always 
exposing himself to the risk that somebody else, or possibly 
he himself, may some day break it up. It is entirely’-unsafe 
to affirm that any of our particles us really ultimate I think 
that the best way to avoid this linguistic hazard is, to share 
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out the term “fundamental ” among several kinds of particles, 
of which we already know that some are composite and are 
willing to concede that all the rest may be. Here is my list 
of today, with symbols at the right to indicate the charges. 


1 Atom 0 

2 Negative electron — 

3 Nucleus + 

4 Proton + 

5 Neutron 0 

6 Positive electron + 

7 Photon (corpuscle of light) 0 


The atom which heads the list is not, of course, the 
imaginary ultimate particle of Lucretius. It is, or rather 
they are, the chemical atoms—the atoms of the chemical 
elements Of these we all know that they are composite 
An atom is in fact regarded as a sort of miniature solar 
system in which a nucleus plays the role of the sun and a host 
of negative electrons play the roles of the planets, only, the 
forces which hold the system together are electrical and not 
gravitational This is the first of the points—not new 
points, of course, but very well-known ones—which I want 
to stress. Our atom-model is electrical entirely, it has none 
but electrical forces inside it, it is a product and an epitome 
of the electrical theory of matter. For the best part of forty 
years, physicists have been systematically denying the right 
of any but the electrical forces to operate m the heart of 
matter. Possibly that sounds like an over-statement, in 
view of the fact that after all no physicist has yet demed 
gravitation, and the further fact that all our literature is full 
of allusions to chemical affinities, chemical forces, valence 
forces, capillarity forces, and I don't know what else. How¬ 
ever my statement cannot be attacked on these grounds, for 
as to gravitation, it has always been considered aut generis 
and recognized as being far too weak to play a great role in 
the intenor of the atom, and as to chemical affinity and 
capillarity and all the rest, we have long been taking it for 
granted that all of these forces must be electrical. Indeed I 
am afraid that physicists have rather got into the habit of 
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regarding as a crank anybody who believes in any forces not 
electrical! So great has been the prestige of the electrical 
theory of Nature 

An odd thing is, that the electrical theory of matter got 
itself established with this great prestige despite the broadly- 
known fact that it is demonstrably impossible. There is a 
classical theorem to the effect that a system of electrical 
charges cannot be m stable equilibrium if the charges are at 
rest, and cannot be m any sort of a durable state at all if the 
charges are m motion This apparently defeats at the outset 
the ambition of constructing a thoroughly electrical world 
Now I am not going to retell you the many-more-than- 
thncetold story of how Bohr met this difficulty Bohr 
snatched victory from defeat by deliberately ignoring that 
theorem You recall how Polomus, after listening to Hamlet 
for a while, decided that there was method m his madness 
Well, Bohr’s idea was a crazy one, as plenty of people m the 
early days did not hesitate to say, but there proved to be so 
much method in that madness, that eventually the method 
came to be worked up into a whole new system of mechanics 
and the madness ceased to be regarded as madness Now I 
can amend my statement of a minute ago about the electrical 
theory of matter. It is the theory that all neutral bodies are 
aggregates of charged particles and that all the forces in 
Nature are demonstrations of the electrical forces between 
these particles, operating according to the new or quantum 
system of mechanics This is the theory that attained such 
prestige that it drove the very idea of neutral elementary 
particles completely out of mind. How completely, I will 
now illustrate to you 

We turn from the atom to the nucleus thereof Looking 
over any tabulation of the several hundred types of atom- 
nucleus with which chemists and physicists are already 
acquainted, we see many places in which two of the typgs are 
identical with each other in respect to charge (they are said 
to be different isotopes of one and the same element) but 
differ from each other by about one unit of mass. “One 
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unit of mass” signifies a mass about equal to one-sixteenth of 
the mass of the oxygen atom (It would be necessary to 
refine these statements with considerable care if in this paper 
I were concerned with precise mass-values, but for my 
present purposes these phrasings are not too rough.) In¬ 
stances of this kind are furnished by Li* and Li 7 , Li being 
the symbol of a chemical element, while the superscripts 6 
and 7 stand for the masses of two of the nucleus-types 
belonging to this element, by He 1 and He 4 , the two known 
isotopes of helium, by H 1 and H s , the famous “ordinary 
hydrogen" and “heavy hydrogen," of which the nuclei are 
known by the names of “proton” and “deuteron” respec¬ 
tively It is evident that the simplest way to visualize the 
Li T nucleus is, as a Li* nucleus with one extra neutral particle 
of mass one, that the simplest way to visualize the He 4 
nucleus is, as a He* nucleus with one extra neutral particle 
of mass one, that the simplest way to visualize the H* nucleus 
is, as a proton with an extra neutral particle of mass one 
Yet nearly everyone preferred, until six years ago, to visualize 
the Li 7 nucleus as a Li 9 nucleus with two extra charged 
particles (proton and negative electron) having equal and 
opposite charges and a total mass amounting to one mass-unit, 
and had the heavy isotope of hydrogen been discovered earlier 
than it was, there would undoubtedly have been a period of 
visualizing it as consisting of three particles all of them 
charged and two of them compensating one another’s charges 
(two protons and one negative electron) rather than as 
consisting of two particles one of them charged and the other 
not. The simpler model was deliberately rejected in favor 
of the more complex. This state of mind continued until at 
last the experts m the art of transmutation managed to 
operate on the nuclei m such a way as to detach these neutral 
pai tides and set them free to wander forth into space and 
prove their existence in independence. 

There are now upwards of a hundred known wayB of 
detaching this hypothetical particle, which on being set free 
ceases to be hypothetical. Shakespeare said that the poet’s 
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pen could give a local habitation and a name to the forms of 
things unknown, but here the unknown corpuscle acquired a 
name only on being thrown out of its local habitation The 
name, of course, is "neutron ” The simplest and one of 
the handiest ways of releasing a neutron consists m projecting 
one deuteron violently against another, with the aid of a 
high-voltage machine it then happens—not always, but 
sometimes—that one of the deuterons takes the proton 
away from the other, leaving the neutron to go free There 
are scores of other ways, some of which were sooner dis¬ 
covered When the release of the neutron was definitely 
confirmed, the world of physics relinquished the nucleus- 
models till then accepted, and began to imagine the atom- 
nuclei as systems of protons and neutrons only 

But how is the neutron observed when it has been freed 1 * 
Here comes another important point Since 1932 our minds 
are no longer constrained to conceive electrical particles only, 
but our apparatus is still traditionalist The fundamental 
particles can manifest themselves to it directly, if and only 
if they have charges If they do not have charges they must 
induce charged particles to manifest them vicariously. 
“Induce" is after all a pretty weak word for the process in 
question, which is more like assault than it is like persuasion. 
The liberated neutron, rushing at high speed through space, 
happens to strike a forcible blow against an atom-nucleus, 
preferably a proton This struck particle recoils from the 
impact, and being charged is able to manifest itself to us 
through our apparatus Anyone who has travelled in France 
has probably noticed that the verb irmter has a somewhat 
different flavor from our supposedly-equivalent tmate, for 
one reads (for instance) that a crowd assembled m a place 
where it was not desired, and the policeman came and invito 
its members to go elsewhere It is in this sense that the 
free neutron, happening to be advancing straight toward a 
nucleus, invites the latter to go elsewhere I do not play 
billiards, which is certainly a defect in a person who must 
refer to billiard-balls as often as a physicist does, but 1 have 



394 


KARL K DARROW 


at least looked upon billiard-tables, and I have noticed that 
sometimes there are balls of two different colors Suppose 
that on the table there were, not white balls and red balls, 
but white balls and invisible balls Conceivably one might 
infer the presence of the invisible balls, by noticing that 
every now and then one of the white balls started off at a 
great speed without any visible cause. Of course somebody 
might conclude the existence of invisible players instead of 
invisible balls, but that would be an animistic way to look 
at the situation instead of a scientific way. In Nature— 
that is to say, in our apparatus—the neutrons correspond to 
the invisible balls, the nuclei to the white ones We know 
of the free neutrons, because every now and then one of the 
nuclei will start off m precipitate flight. There is another 
way of detecting the neutrons, depending on the fact that 
when they impinge on nuclei of certain kinds they enter 
these and cause them to explode’ the Hying fragments of 
these explosions are observable because and only because 
they are charged, and so we come back to the same techniques. 

Now I must say that the neutron is not the first-to-be- 
discovered of all neutral particles, but only the first-to-be- 
discovered of those which have the quality of matter The 
earliest-to-be-discovered of all the fundamental neutral 
particles are the corpuscles of light, the photons. The 
individual photon seems to be just as powerless as the indi¬ 
vidual neutron to manifest itself to us directly It has to 
invite a charged particle for the purpose, and to strike it a 
blow—-or, to use a gentler and more technical phrase, it has 
to confer some of its own energy on the charged particle. 
Whereas the invitations of neutrons are directed to nuclei, 
those of the corpuscles of light are addressed to electrons. 
There are interactions of various kinds between electrons and 
photons, and for one at least among them it is permissible to 
use that image of the colliding billiard-balls Let me now 
add that when a physicist speaks of billiard-balls, he is using 
a metaphor for what in a professional paper he would call 
"strong short-range forces." These forces are non-electncal, 
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or at any rate if we were to call them electrical we should be 
distorting the word out of sense. 

But how about the possibility that these neutral particles 
may be, each of them, a pair of charged corpuscles locked so 
tightly into each other’s arms that to the outside world their 
charges seem totally annulled while yet remaining distinct 7 

At first glance this appears to offer a chance of saving or 
reviving the electrical theory of matter Not so much can 
be expected of it, since now and henceforward the short-range 
or billiard-ball forces must be implanted in every conception 
of either charged or chargelcss particles Little or nothing 
would be gained by trying in imagination to link chargeless- 
ness with charge, were it not for some quite remarkable 
phenomena which more than justify the attempt The most 
striking of these arc the conversion of individual photons into 
pairs of free electrons, one member of the pair being negative 
and the other positive, and the conversion of electron-pairs 
into photons Though known for barely four years as yet, 
both of these phenomena have been detected many timeB 
over m many ways, and while the experiments still want the 
last) refinements of accurate measurement, there is no reason¬ 
able doubt remaining. Now, no one maintains that a cor¬ 
puscle of light is nothing but a pair of electrons close together 
There are too many objections to such a simple idea, anyone 
can think of several, I will mention only that light m vacuo 
is constrained to a single definite immutable speed and 
electrons suffer from no such limitation The most that here 
can be asserted is, that equal and opposite charges come out 
of apparent chargelessness, and equal and opposite charges 
return into apparent chargelessness, and other remarkable 
changes occur at the same time. 

Do equal and opposite charges ever come out of the 
neutron, and do equal and opposite charges ever meet and 
form a neutron in disappearing? Nothing of the kind has 
yet been observed, and there is in fact a strong reason for 
disbelieving in the quite obvious idea that a neutron may be 
a proton and a negative electron tightly clasped together. 
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Nevertheless there is the disconcerting fact that electrons 
are observed to spring out of nuclei—out of more than two 
hundred different kinds of “radioactive” nuclei I call it 
disconcerting, because I have been trying to make you picture 
every nucleus as a composite of nothing but protons and 
neutrons, and here 1 suddenly burst out with the admission 
that these alleged composites of protons and neutrons are 
perfectly capable of projecting free electrons into the outside 
world! 1 must further confess that this very affair of the 
ejection of negative electrons from nuclei was precisely one 
of the reasons that made people prefer the more complicated 
nucleus-model which I invited you to reject, over the simpler 
one which I recommended you to accept Admittedly 1 was 
not being fair to the complicated model However the 
chances are that I was not misleading you The people of 
the days before 1932 who believed in the proton-and-negative- 
electron model of the nucleus did not know nearly so much 
about the variety of N ature as they were soon to learn They 
did not know that neutrons can be detached from nuclei, or 
that some radioactive nuclei emit electrons which are positive 
instead of negative So, if one insists on putting into the 
nuclear zoo at least one specimen of every kind of animal 
which has been observed to come out—if one insists upon 
that, then one has to make a model containing at the very 
least four kinds of fundamental particles neutrons, protons, 
electrons of both signs This is so complicated a prospect, 
that of late the theorists have been trying out the alternative 
idea the idea that the electrons which arc fired out of radio¬ 
active nuclei are created just before they depart. It is 
conjectured that the neutron in the nucleus may possess the 
power of converting itself into an electron of either sign, and 
a residue which would either be a proton, or a particle equal 
m mass but opposite m sign of charge to the proton. 

I do not guarantee these ideas—not that my guarantee, 
or the lack of it, would make the slightest difference to their 
proponents—and I certainly do not present them to you on 
the same footing as the conversion of photons into electron- 
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pairs. This is a fact of experience, and an addition to 
knowledge, those are illustrations of the trend of thought 
All of them anyhow illustrate my point that the neutral 
particles and the non-electrical forces have come back into 
physics after their exile of mgh on forty years, and that we 
have both the fact and the speculation of electric charge 
coming into being out of neutral mother-substance and 
returning into it again. Of course this may bo a very transi¬ 
tory stage in modern physics. However at least for the 
present we may feel assured that even the wisest of theorists 
would not dare to debar us from contriving a cosmos in which 
neutral particles exist as well as charged ones, non-electncal 
forces as well as electrical, and perhaps even charge is second¬ 
ary and a neutral mother-substance primary 
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Abstract 

The historical materials for the study of Latin Ameruan boundaries are 
widely scattered, in publications of many countries, and in several languages 
They arc diffn ult to find, and to use w hen found Overlapping claims involving 
three or more countries have made the boundary disputes and negotiations sur¬ 
prisingly complex For these reasons, and bee ausc of the unusual important e of 
boundary questions in Ijfitin American history, scholars, writers and statesmen are 
seriously handicapped by the lack of a compilation analogous to Herts let's 
“Map of Europe by Treaty '* 

To illustrate the problems involved, the history of overlapping claims of Brasil, 
Ecuador, Colombia and Peru is reviewed Problems derived from inadequate 
geographic jU knowledge are illustrated from old maps of the Honduros-Nicaragua 
area 

A comprehensive study of I^atin American boundaries seems to require two 
publication*; 

(1) “The Map of Latin Amt riui by Treat >, 1 containing the texts of papal 
bulls, treaties of the colonial and republican periods, arbitral awards, etc, ar¬ 
ranged chronologically, each in the original language with English translation, 
each accompanied by explanatory notes, many by maps 

(2) “A History of l<atin American Boundaries, containing the history of 
the establishment of each of the 38 boundaries from the Rio Grande southward 

As the first step, a pamphlet should l>c prepared containing 

I A chronologicul list of documents contemplated in “The Map of Latin 
America by Treaty " 

II A classified hat of the same documents arranged by country and by individual 
boundary 

III A bibliography of treaty collet tions, ett 

The library resources of Washington are pi-ubably unexcelled for such a study 
The map of Hispanic America prepared by the American Geographical Society 
of New York affords an excellent cartographic base 

The historical materials m which the successive stages of 
the development of international boundaries of Latin America 
are recorded are widely scattered m publications of the twenty 
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Latin American republics, Spain, Portugal, Great Britain, 
France, the Netherlands, and the United States. They are 
difficult to find, and perhaps equally difficult to use when 
brought together. Overlapping claims of three or four 
countries within a single area account for interrelationships 
between bilateral boundary disputes and negotiations which 
are surprisingly numerous and complex. In the words of an 
eminent authority 

. It may be said that a very considerable part of the diplomatic 
history of Latin-America reduces itself to an account of the struggle 
over boundaries For this reason, and beeause of their great 
political and economic significance, these contests occupy a place 
of capital importance in that history 1 

It may therefore be appreciated that scholars, writers and 
statesmen are seriously handicapped by the lack of any 
compilation relating to boundaries m the Americas which is 
analogous to Hertslet’s “Map of Europe by Treaty” or 
Hertslet’s “Map of Africa by Treaty.” 

The Latin American republics, throughout more than a 
century of independence, have undertaken generally to estab¬ 
lish their boundaries on the principle of uh possidetis, that is, 
on the basis of thfe extent, at the time they established their 
independence, of the territory possessed by the several vice- 
royalties, captaincies-general and other entities from which 
they evolved as independent sovereign states. The natural 
tendency has been for each country to apply this principle m 
a manner that would give it a maximum domain A long 
senes of boundary disputes, of which several are even now 
unsolved, may be traced to vaguely defined limits of ad¬ 
ministrative and ecclesiastical divisions m poorly mapped 
areas, and to numerous transfers of territory from one 
colonial junsdiction to another. 

Some of the problems involved in considenng the bound- 
anes in Latin America may be illustrated in a region in which 
four of the ten South American republics meet, namely 

1 John Baaaatt Moore Memorandum on irti poaaidetis, Coats Rica-Paueme 
arbitration (1913), pp 14-15. 
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Brazil, Ecuador, Colombia and Peru In an area of widely 
overlapping claims, each of four such countries may have a 
dispute with each of the three other neighbors, the six pairs 
of countries thus afford six boundary disputes. But with 
four countries situated as these are (no one of them being 
surrounded, as is Bolivia or Paraguay), there could not 
possibly be six boundaries Once the disputes were disposed 
of, one of the six must have been pinched out, leaving five 
actual frontiers between the four countries. 

As the boundaries have become established the possibility 
of a boundary between Brazil and Ecuador has been elimi¬ 
nated. The other five have become actualities, including 
the undefined Ecuador-Peru frontier 

At the risk of over-simplification, these six boundary 
controversies will be sketched, illustrated by lantern slides 



Fia 1 


* 

The boundaries of Brazil, as you are aware, are based m 
general upon the line separating the territories of the Crowns 
of Portugal and Spain at the time when it became independent, 
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in 1821. The line of the treaty of Tordesillas, 1494, a 
meridian 370 geographical leagues west of the Cape Verde 
Islands could not be located accurately at that time, because 
of uncertainties regarding the initial point m the Cape Verde 
Islands, the extent of a geographical league in relation to the 
circumference of the earth, and the impossibility of deter¬ 
mining longitude reliably at sea until well more than a 
century later. The Tordesillas line gave Portugal a foothold 
in Brazil Two of the early attempts to lay down the 
Tordesillas line 1 are shown on Fig 1 The longitude differ¬ 
ence between the two meridians is greater than that between 
Philadelphia and Cleveland. 

The treaty of Madrid, 1750, and the treaty of San Ilde- 
fonso, 1777, made at least a preliminary attempt to delimit 
a Portuguese-Spamsh boundary The San Ildefonso line, 
as represented on the map made by Francisco Requena, 2 
1796, is shown on Fig 1 The viceroyalties of Santa F6, 
Lima and Buenos Aires, and the captaincy-general of Caracas, 
as shown on the Requena map without boundaries, are like¬ 
wise indicated 

On the maps that follow it will be shown that all four 
countries have claimed territory between the CaquetA or 
Yapurd and the Amazon, and that at least three countries 
have claimed territory north of the Caquetd To the tri¬ 
angular controversies between Venezuela, Brazil and Co¬ 
lombia, and likewise between Bolivia, Brazil and Peru m the 
Acre region, we shall make only passing reference 

As a background for a brief review of the disputes between 
the four republics, Fig. 2 shows the boundaries as they are 
today, in part by means of distinctive shadings. All of them 
within the area of the map are now established except that 
between Ecuador and Peru 

1 llenry Hamase The Diplomatic History of America Its First Chapter, 
1452-1403-1494 London, 1807 Map facing title-page 

1 “Mapa geogr&fico de la mayor parte de la America Meridional que oontiene 
ios paises por donde debe trasaree la Unea divisoria que diylda loe domixuos de 
Kspafla y Portugal, construida en virtud de Real 6rden por el Teniente General 
D n Francisco Requena en el afio de 1796 Printed by F Bourqum, 81 So Sixth 
St, Philadelphia, Pa ” 
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In its various boundary disputes, Colombia has in general 
based its territorial claims upon the extent of the viceroyalty 
of Santa F6 or New Granada, according to royal c6dulas of 
1717 and 1739, minus the audiencia of Quito Ecuador has 
claimed the territory of the audiencia of Quito, created in 
1563, belonging alternately to the viceroyalties of New 
Granada and Lima Peru has m general claimed the territory 



Fig 2 


of the viceroyalty of Lima or Peru, citing early c6dulas and 
also one of 1802 which enlarged its borders shortly before 
independence Brazil, as has already been indicated, has 
claimed territory based chiefly on the extent of Portuguese 
possession m 1821, but it has sometimes maintained that 
subsequent effective occupation of portions of the upper 
Amazon basin was consistent with the uti possidetis principle. 

Brazil-Pehu Boundary 

Brazil and Peru by treaty in 1851 defined their boundary 
as constituting the straight line from the mouth of the 
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Apaporis River in the Caqueti, to Tabatinga on the Amazon 
(we shall necessarily hear more of this Apaporis-Tabatinga 
line), and from Tabatinga southward, the Javary River to 
its source (Fig 2). Colombia immediately protested, denying 
the right of both Brazil and Peru to the territory traversed 
by the Apaporis-Tabatinga line. A minor modification was 
made in 1874, where the line cuts the Putumayo The 
Bohvia-Brazil dispute in the Acre area having been settled 
by treaty in 1903, Peru and Brazil in 1904 established neutral 
territories m the upper Jurud and Purtis river basins In 
1909 they extended their boundary from the source of the 
Javary to the point where their respective frontiers with 
Bolivia begin. 


Ecuador-Pbru Boundary 

Ecuador and Peru made several attempts to establish 
their common boundary, beginning in 1832. However, no 
treaty between them has ever gone into effect which defined 
any portion of their frontier. The Garcia-Herrera Treaty 
of 1890 defined the entire boundary, from the Apapons- 
Tabatinga line to the Pacific Ocean. Ecuador ratified it; 
Peru ratified it with territorial modifications which Ecuador 
rejected Colombia objected to the proposed settlement, and 
a tripartite convention was negotiated in 1894, which was 
never perfected by the exchange of ratifications. 

Fig 2 shows approximately the area in dispute, totaling 
40,000 or 45,000 square miles—the area with alternate 
shadings characteristic of Ecuador and Peru, partially sur¬ 
rounded by a line of large heavy dots. A larger area formerly 
claimed by the two countries is indicated by the similar line 
of smaller dots. The maximum former claims of Ecuador 
and Peru m their dispute have included much that is now in 
Colombia, and part of Brazil. The area once claimed by 
Peru included Guayaquil The Garcia-Herrera Treaty line, 
with the Peruvian modification, and the lines of the two 
Commissions appointed by the King of Spam, are shown 
running through the disputed area. 
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In the arbitration before the King of Spain, under the 
treaty of 1887, Ecuador claimed the ancient boundary 
between the viceroyalties of New Granada and Peru, based 
on the c6dulas of 1717 and 1739, that is, at the time of the 
creation of New Granada. Peru claimed the boundary 
between the same viceroyalties based in part upon a royal 
cddula of 1802. 

Under the terms of a protocol of 1924 delegations of the 
two countries have been negotiating in Washington since 
1930, but thus far have not succeeded m reaching an agree¬ 
ment on the boundary 

Brazil-Ecuador Boundary 

Brazil and Ecuador by treaty m 1904 agreed that if the 
Ecuador-Peru boundary dispute were settled m favor of 
Ecuador the Brazil-Ecuador boundary should be, wholly or 
m part, the Apapons-Tabatmga line defined by Brazil’s 
treaties of 1851 and 1874 with Peru The treaty further 
declared that the two high contracting parties had no intention 
of prejudicing the rights that might be subsequently estab¬ 
lished by neighboring countries, referring specifically to the 
boundary question between Brazil and Colombia, and to the 
triangular questions between Ecuador, Colombia and Peru. 
Subsequent developments may be said to have pinched off 
Ecuador some distance to the west of the Apapons-Tabatinga 
line, Colombia and Peru intervening and thus excluding the 
possibility of Ecuador and Brazil being contiguous states. 

Colombia-Ecuadob Boundary 

Colombia and Ecuador made several attempts to establish 
their frontier, beginning with a treaty of peace and friendship 
in 1832. The treaty of 1916, however, is the only treaty 
that ever went into effect between Colombia and Ecuador 
that defines any portion of their common frontier (Fig. 3). 
The entire boundary was defined from the Pacific Ocean to 
the Marafion or Amazon River. A considerable portion of 
it has since been demarcated. 
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About two-thirds of the boundary has been eliminated as 
a frontier between Colombia and Ecuador, by the Colombian 
cession of a long strip of territory to Peru 

Colombia-Peru Boundary 

The Colombia-Peru boundary was defined by treaty in 
1922, ratifications being exchanged m 1928 It will be 
observed (Fig 3) that much of the line lies to the north of 
the Colombia-Kcuador 1916 boundary. Colombia conceded 
to Peru, therefore, a long, narrow strip of territory which 
Ecuador had previously conceded to Colombia, lying south 
of the Putumayo River, and north of the Putumayo-Napo 
divide Ecuador had agreed to the Putumayo as its boundary 
with Peru, by the Garcia-Herrera treaty, on the assumption 
that Ecuador rather than Colombia would be sovereign of 
the territory north of the Putumayo By the 1922 treaty 
with Colombia, Peru now surrounds on three sides territory 
that is claimed by Ecuador 
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By the same treaty Colombia acquired a corridor to the 
Amazon River immediately to the west of the Apapons- 
Tabatmga line—the so-called Leticia quadrilateral Co¬ 
lombia furthermore reserved its right, to claim territory to the 
east of the Apaporis-Tabatmga line which Brazil had regarded 
as having been established as Brazilian territory by its 
treaties of 1851 and 1904 with Peru and Ecuador respectively 
To this disconcerting provision Brazil objected A triangular 
dispute arose between Brazil, Colombia and Peru which 
remained unsettled until the Cordian knot was cut by the 
protocol of Washington, signed March 4, 1925 The terms 
of that protocol have now all been earned out, in three 
bilateral negotiations between the three pairs of countries 

Brazil-Colombia Boundary 

The maximum aiea formerly m dispute between Brazil 
and Colombia is shown on Fig 3 by the line of heavy dots 
An unratified treaty of 1853, when geographical knowledge 
was very deficient, would have provided a boundary line 
approximately like the double line of dashes on Fig 3 

The northern triple point with Venezuela is in an area 
that was in dispute between the three countries for nearly 
a century after independence, the Colombia-Venezuela bound¬ 
ary was determined by arbitration m 1891 From the point 
common with Venezuela, a 1907 treaty fixed the Brazil- 
Colombia boundary to the mouth of the Apaporis. The 
remainder of the boundary was left undecided, pending 
settlement of Colombia’s disputes with Ecuador and Peru. 
Both of the latter having been subsequently settled, in 1928 
the Brazil-Colombia boundary was extended southward by 
the Apaporis-Tabatmga line to the Amazon That line has 
therefore served successively as Brazil’s boundary with Peru 
(1851), Ecuador (1904, provisionally) and now Colombia 
(1928). 

The complexities of each of the six preceding controversies 
are much greater than it has been possible to indicate in this 
brief summary. 
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Honduras-Nicaraqua Boundary 

Another factor that confuses the student of Latin American 
boundaries is the wide divergence in maps, owing largely to 
the lack of surveying and mapping in large areas over a long 
period of time. 

An illustration is afforded in the area of the former dispute 
between Honduras and Nicaragua. Fig. 4 shows the claims 
of the two countries as they were presented to the arbitrator, 
the King of Spam. The Segovia and the Patuca rivers, 
which the claims followed m large part, are Bhown here as 
they appear on the millionth sheet compiled and published 
by the American Geographical Society of New York; these 
are the river courses which are followed by the symbols 
which are explained in the legend, on which the nver names 
are shown 

On this map the courses of the Segovia and Patuca nvers 
have been added as they appeared on four of the maps which 



Fis. 4. 
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are cited m the award of the King of Spain December 23,1906. 
They have, of course, been replotted on the same projection 
and scale. It is not difficult to imagine the confusion that 
would have resulted if more of the maps which were cited by 
the two parties to the dispute had been similarly reproduced. 

A Comprehensive! Plan of Study 

These illustrations of problems to be faced in the study 
of Latin American boundaries are perhaps sufficient to 
indicate that there is here an ample supply of chaos from 
which to create a considerable world of order 

On the map of the Americas there are now 29 boundaries 
between Latin American republics, and 6 boundaries between 
a Latin American country on the one side and the United 
States, the Canal Zone, or a European colony on the other. 
There are two more boundaries between European colomes 
in the Guianas No comprehensive bibliography on Latin 
American boundaries has been prepared. Mention should 
be made of a recent book on South American boundaries by 
Gordon Ireland. 1 An impartial, systematic history of all 
the boundaries m Latin America is much to be desired. 

An adequate project relating to the history of Latin 
American boundaries would seem to require two publications 

(1) “The Map of Latin America by Treaty,” a senes of 
probably three to five volumes, containing the texts of papal 
bulls, Portuguese-Spamsh treaties, Spanish cldulas, treaties 
between Latin American republics, and arbitral awards 
Documents to be arranged chronologically, each in the onginal 
languages, with English translation, each to be followed by 
brief notes indicating its bearing on related boundary de¬ 
velopments. Important documents to be accompanied by 
maps. 

(2) “A History of Latin American Boundaries,” probably 
in one volume, containing the history of each of the thirty- 
eight boundaries from the Rio Grande southward (including 

1 Gordon Ireland Boundaries, Possessions and Conflicts to South America, 
Harvard University Proas (1087), p 136. 
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the provisional Brazil-Ecuador boundary, now eliminated). 
The boundary history of the colonial penod should be given 
in so far as it is essential to a study of the present international 
boundaries and pending disputes 

The first step might well lie the compilation of a list of 
documents which should be published and used in these two 
closely related publications This list of documents might 
be published m a pamphlet of perhaps 80 to 100 pages, 
which would contain the following 

1. A chronological list of documents (papal bulls, c6dulas, 
6i denes, treaties, arbitral awards, etc ), the publication 
of which is contemplated in “The Map of Latin 
America by Treaty ” 

II \ classified list of the same documents, arranged by 

countries, and by individual boundaries (c g , Brazil- 
Colombia boundary) 

III A bibliography of the treaty collections, etc, in which 

the larger part of the documents may be found The 
bibliography should also include the more important 
maps, and works by individual scholars on specific 
boundanes 

Such a pamphlet would itself be highly useful pending the 
completion of definitive publications The pieparalion of 
copy, editing, and publication of this preliminary pamphlet 
would probably require a year or more of research and study, 
and at the same tune would accumulate considerable material 
for immediate use in the work on the major publications 
The library resources of Washington are probably unex¬ 
celled for this study—the Library of Congress, the Pan 
American Union, the Department of State, the Cathohc 
University, and other collections The map of Hispanic 
America m the scale of 1 1,000,000, nearly completed, 
piepared by the American Geographical Society of New 
York, affords an excellent cartographic base 
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OF THE TYPES 1 

T M. SONNEBORN • 

Associate in Zofllogy, Johns Hopkins University 
(Communicated by H 8 Jennings) 

Abstract 

Mating types have been found in four species of Paramocium, in addition to 
the two previously reported in P tnchium and P coZfonst, by Sonnebom, and m 
P. mulitmtcronudeatum and P caudatum , by Gilman and by Giese and Arkoosh 
Analysis of 26 stocks of P aurelta , collected between North Carolina and 
Massachusetts and in California, shows that they are divisible into three groups, 
each of which consists of two mating types Any member of one of the two types 
will conjugate with any member of the other, but not ordinarily with a member of 
its own type The two types of group 1 are designated 1 and 11, those of group 2 
are types III and IV, those of group 3 are types V and VI Group 1 includes 0 
of the stocks, five of these (all from one source) consist exclusively of mating type 
1, each of the other four (from diverse sources) contains both types I and II 
Group 2 includes 13 of the stocks (from diverse sources), 12 of them contain mating 
types III and IV, the other one has yielded type IV only These two types give 
the characteristic clumping reaction and conjugate when mixed at night or early 
morning at temperatures not exceeding 25° C , best at 17° to 10° C The per¬ 
centage of conjugation obtained depends upon the temperature both before and 
during mixture of the types Group 3 includes three of the storks (from diverse 
sources), each of these contains mating types V and VI These react and conju¬ 
gate between 1 am and 1 pm at temperatures not exceeding 27°0 Their 
diurnal periodicity in reactivity is a consequence of the alternation of light and 
darkness, visible light suppressing reactivity 

Mating types appear to be of universal occurrence in P aurelta, " non- 
conjugating " or rarely conjugating stocks seem not to exist Borne stocks appear, 
however, to consist exclusively of one type, and in order to get these to conjugate, 
they must be mixed with the appropriate type from another stock 

A weak clumping reaction, never followed by conjugation, regularly occurs 
under favorable conditions m mixtures of types II and V Hence, types 1 and V 
an similar in that both react with type II, and types II and M are similar in that 
both react with type V This suggests that these two pairs of types, and possibly 
all three pairs, may have originated as modifications of a single original pair of 
types 

1 Aided by a grant from the Penrose Fund of the American Philosophical 
Society 

* The experimental work was earned on with the technical assistance of Miss 
Mildred Musher 

FBOCSBDlNOa W THE AMERICAN FUILOSOPHICAL SOCIETY, 
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In Paramecium aurelia, there have been found (Sonneborn, 
1937) two types of individuals and cultures that immediately 
form clumps when brought together From these clumps, the 
individuals later emerge paired m conjugation, each pair con¬ 
sisting of one individual of one type and one of the other As 
conjugation is a normal consequence of the clumping reaction 
and as conjugation takes place usually or only between indi¬ 
viduals of diverse types, these types will be referred to as 
mating types 

Although the mating types are definite and the reaction 
between them striking, they had not been found in any of the 
many previous investigations on conjugation of Paramecium 
and other comparable abates Does this mean that they are 
exceptional and of rare occurrence? On this question evi¬ 
dence is at present available only for the genus Paramecium. 
Mating types have been reported in two species, m P aurelia 
by Sonneborn (1937) and in P. bursana by Jennings (1938a) 

I can now report that similar types occur in two other species, 
P. tnchium and P. calkmsi Mr Lauren Gilman of this 
laboratory, and Giese and Arkoosh of Stanford University 
permit me to state that they have found them m two more 
species, P multimicronucleatum and P. caudatum We have 
thus far found no species of Paramecium in which mating 
types are absent 

There is however a further question concerning the urn* 
versality of such types In species in which they have been 
found, do they occur in all stocks or only in some 7 According 
to the published reports on both P aurelia and P bursana, 
mating types were found in some stocks and not in others. 
Do the latter actually lack them? In P aurelia, the clue to 
the solution of this problem was the discovery that the species 
contains three kinds of stocks differing m the conditions re¬ 
quired to bring about conjugation An account of this will 
be given m the first part of this paper. 

With this knowledge, the question of the universal occur¬ 
rence of mating types m P. aurelia was investigated by 
examining 26 diverse stocks, including those m which such 
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types were earlier not found As will appear m the second 
part of this paper, each of these stocks was found to consist of 
one or two mating types. 

In order to ascertain how many diverse mating types exist 
and how they are interrelated, the 32 types found in 17 of the 
stocks were mixed together two at a time in all possible com¬ 
binations The results show that the 32 types are reducible to 
only six diverse ones The remaining nine stocks were 
analyzed less extensively, but sufficiently to show that they 
consist of types identical with those m the Btocks examined 
more fully With respect to the types they contain, the 26 
stocks are divisible into three groups, each group containing 
but two of the types Conjugation occurs only between the 
two types m the same group, not between types in different 
groups Nevertheless, one combination of types from differ¬ 
ent groups yields regularly a weak clumping or mating reac¬ 
tion, this suggests that of the six types, three may be diverse 
modifications of one type, three diverse modifications of 
another The studies on the number and interrelations of the 
mating types are dealt with in the third part of this paper. 
Finally, the phenomena of mating types and sexuality m 
diverse unicellular organisms aie compared and the relation 
of the types to sexuality is discussed 

Matenal Each of the 26 stocks consists of the descen¬ 
dants of a single individual A list of the stocks and their 
sources follows Stock A from Stnckersville, N. Y , stocks 
B, F, N, 0, P, T, U, V, and X from a stream in Woodstock, 
Md , stocks C, .1, K, M, Q, and It from different ponds in 
Baltimore, Md , stock D from Counterfeiter’s Lodge, N. Y , 
stock E from Elkndge, Md , stock G from near Pinehurst, 
N. C , stock H from Halethorpe, Md , stock I from near 
Buffalo, N. Y , stock L from Staunton, Va.,stock S from Cold 
Spring Harbor, N. Y., stock W from Williamstown, Mass., 
stock Yfrom near Cockeysville, Md., and stock Z from Stan¬ 
ford, California For some of these stocks I am indebted to 
Professors H S. Jennings, L. L Woodruff and A. A. Schaeffer, 
to Drs. Coleen Fowler, R Wichterman, D Raffel, and A. C 
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Giese, to Fathers J A Frisch and C. A. Berger, 8. J.; and to 
Messrs. N. Finklestein and C W. Metz, Jr. 

I. Thu Conditions Required to Bring about the Mating 
Reaction and Conjugation in Diverse Stocks of 
Paramecium aureua 

With respect to the conditions required to bring about the 
mating reaction and conjugation, there are certain general 
rules that hold for all of the 26 stocks investigated. The 
first and most important one is that animals of appropriate 
different mating types must be brought together. The evi¬ 
dence for this will be given m the following section of this 
paper Another general rule is that the individuals must not 
be overfed Finally, in order to react, they must not be 
undergoing fission, endomixis or conjugation. In addition 
to these general rides, there is one that holds for a number of 
stocks, namely, that during the first six to ten days after 
conjugation the mating reaction and conjugation wdl not 
occur, but m other stocks, this period of “immaturity” is 
either entirely lacking or so brief as to escape detection. The 
existence of a period of immaturity has thus far not been cor¬ 
related with any other characteristic of these stocks. 

For one group of stocks (stocks B, F, J, N, O, P, R, S, T, 
and Z), no additional special conditions need be fulfilled in 
order to bring about the mating reaction and conjugation; 
but the remaining stocks are divisible into two groups each 
requiring its own particular conditions. Both groups react 
and conjugate only at certain hours and under certain tem¬ 
perature conditions, the hours and temperatures being some¬ 
what different for the two groups. 

One group, including the stocks A, C, D, E, G, H, I, K, L, 
U, V, W, and X, reacts best between 17° and 19° C., and not 
at all above 25° C. The percentages of conjugants appearing 
m mixtures of opposite mating types kept separately for one 
day and then mixed at the same temperature were 4 per cent 
at 9 s , 68 per cent at 17.6°, 63 per cent at 18.6°, none at 24.6° or 
32.2° C. Moreover, as shown in Table 1, the temperature 
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TABLE 1 

The Number op Pairs op Conjugants Formed in Mixtures or 100 Animals 
or Each of the Two Mating Types in Stock K (Group 2) 



Temperature after Mixture of the Two Typo 

0 0° ±0 2® 

17 6*±0 2° 

18 8* ±04° 

24 A'±0.5° 

32 2°ds0 

Temperature 
for one da y 
before mixture 

90°dfc0 2° 

4 

78 

89 

14 

0 

17 6°±0 2° 

14 

68 

72 

15 

0 

18 8°±0 4° 

30 

44 

53 

B 

0 

24 5* ±0 6* 

14 

36 

43 

B 

0 

32 2°±0 5° 

7 

25 

26 

6 

0 


before mixture of the types, as well as the temperature after 
mixture, is important The highest percentage of conjugants 
(80 per cent) appeared in cultures mixed at 18.6° after a pre¬ 
liminary day unmixed at 9° C. However, as this procedure 
takes three days to obtain conjugation, another more rapid 
technique was usually employed. The mating types were 
cultivated separately at 20° to 27° C., then mixed and put 
directly at 17° to 19° C With this method, conjugants are 
ordinarily found the first mormng after mixture. 

When the proper temperature conditions are fulfilled, the 
stocks of this group give the mating reaction when opposite 
types are mixed at certain hours, but not when mixed at other 
hours A weak mating reaction may be obtained as early as 
6 p.m., though usually not until 9 or 10 p m. Weak reactions 
may be obtained as late as 9 or 10 a m., but usually not later 
than 7 a.m. When mixtures were made hourly throughout 
the night, the best immediate reactions took place between 
1 a.m. and 5 am. The period of optimum reactivity vanes by 
a few hours in different experiments, but it always occuss at 
hours so unfavorable for full investigation that I cannot claim 
to have analysed this subject exhaustively. For all practical 
purposes it is sufficient to mix opposite types during the day 
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and put them at 17° to 19° C. Conjugation, then begins 
during the night or early morning and, as pairs remain to¬ 
gether more than 12 hours at these temperatures, the conju- 
gants are found when the cultures are examined during the 
morning In all cases where exhaustive study is required, 
such mixtures are examined night and morning at 12 hour 
intervals for two or three days 

The remaining group of stocks, including stocks M, Q, and 
Y, react at somewhat higher temperatures Excellent reac¬ 
tions occur up to 24° and weaker ones up to 27°, but none at 
30° C. Furthermore, the diurnal periodicity in this group is 
markedly different from that in the preceding group The 
reactive period does not begin until 1 am. and then only feebly, 
and it stops completely in the early afternoon, usually before 
1pm The period of optimum reactivity is between 4 a.m. 
and 11 am 

With stock Q of this group, an attempt was made to dis¬ 
cover the leading factor involved in the diurnal periodicity. 
As might be supposed, this factor is the daily alternation of 
light and darkness. Cultures kept continuously in the dark 
gradually start reacting earlier in the mght and continue later 
in the day After five days of continuous darkness, they 
react with equal readiness at all hours of the day and mght 
The opposite occurs with cultures kept illuminated contin¬ 
uously (For this purpose, there was used an effective il¬ 
lumination of about 100 foot-candles from a water cooled 
200 watt hygrade bulb, using as an infra-red filter a 1 cm 
cell of N /2 copper chloride) The reactive period gradually 
shortens and the reactions decrease in intensity until, after 
five days of continuous illumination, no further reactions 
occurred at any hour of the day or night In order to 
ascertain whether the effective action was a stimulation by 
darkness, seven series of cultures were put into darkness 
at each hour from noon until 6pm Beginning at 10 p.m 
and continuing hourly thereafter, two cultures (one of each 
type) from each series were mixed together. None reacted 
until 1 a.m., and all began reacting at about the same time 
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regardless of when they had been put in the dark Appa¬ 
rently darkness does not stimulate reactivity. In order to 
test the alternative possibility, suppression of reactivity by 
light, similar series of cultures were all put into darkness at 
5 p m and withdrawn and tested at successive hours the 
following day. As appears in Table 2, the later m the day 

TABLE 2 

The Relation between Time of First Kxposure to Daylight and Time of 
Cessation of Mating Reactivity in Stock Q (Group 3) of 
P aureha 

Strong reaction denotes that 50 per cent to 100 per cent of the animals 
clumped, weak reaction denotes that the dumps included less than 50 per cent 
of the animals, negative test denotes that no dumping occurred at all Cultures 
of the two mating tyjies were brought into the light from darkness at each hour 
of the day and each of these was tested hourly thereafter until reactivity ceased 


Time of Firat 
hxpoaure to Light 

1 Ime of l«ftt 
Strong ltcaol ion 

Time of liaat 
Weak Reaction 

Time of First 
Negative Teel 

8 30 A M 

12 45 p M 

1 51 PM 

2 40 p m 

920 am 

12 47 v M 

1 48 P M 

2 42 pm 

10 15 A M 

12 49 pm 

2 52pm 

3 30pm 

11 16 A M 

1 50 p m 

2 50 pm 

3 32pm 

12 25 pm 

1 25 pm 

3 45 pm 

4 25 pm 

125 pm 

2 20 pm 

— 

3 40pm 

2 20 pm 

2 45 p m 

4 05 p m 

4 18 pm 

3 17 pm 

— 

3 47pm 

4 15 pm 

4 15 pm 

— 

4 48 pm 

5 15 p m 

5 05 PM 

l — 

5 45 pm 

— 


the cultures were first exposed to daylight, the later they 
continued to react For example, the culture first exposed at 
2.20 p m was still reacting strongly after the one exposed at 
9 20 am. had completely stopped reacting, and the culture 
exposed at 5 05 p m. reacted weakly four hours after the last 
weak reaction of the culture exposed at 9 20 a.m Thus the 
ordinary daily periodicity in reactivity appears to be due 
primarily to the suppressing effect of light 

The foregoing account of the conditions required for the 
mating reaction and conjugation in the three diverse groups of 
stocks is intended to be little more than a portrayal of the 
conditions that must be fulfilled m order to carry out success- 
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fully investigations of the mating types. Further investigar 
tion would doubtless reveal factors influencing reactivity other 
than those here set forth 

II. The Universal Occurrence of Mating Types in 
Paramecium aurelia 

To investigate the universality of occurrence of mating 
types in P aurelia, 17 of the 26 stocks were analysed ex¬ 
haustively and the other nine less fully, but adequately 
The methods employed were based on the knowledge set forth 
in my earlier paper (Konneborn, 1937), that in stock S the 
progeny produced by fissions of a single individual are all of 
the same mating type so long as neither endomixis nor conju¬ 
gation intervenes, but that at the first fission of an exconjugant 
the two types, I and II, often segregate. Kimball (1937) 
found that these types may also segregate at the first fission 
after the climax of endomixis. Therefore, every culture used 
m the study of mating types consisted of the vegetative 
progeny of a single individual produced at least one fission 
after an endomixis or conjugation. Such cultures include 
only individuals containing macronuclei descended by division 
from a single original macronucleus, for each exconjugant and 
endomictic individual forms two macronuclear anlagen that 
segregate at the first fission As the individuals containing 
macronuclei descended from a single macronucleus are or¬ 
dinarily alike in mating type, it will be convenient to introduce 
the term caryomde to denote them. A caryonide thus consists 
of an individual containing but one of the macronuclear 
anlagen formed at conjugation or endomixis and all its progeny 
produced until another nuclear reorganisation takes place. 
In the rare cases when more than two macronuclear anlagen 
are formed at these processes, the caryonides anse at a fission 
slightly later than the first. 

For exhaustive analysis of a stock, the method was to ob¬ 
tain a number of exendomictic or exconjugant caryonides and 
mix together samples of these in all possible combinations of 
two. Each mixture was then observed for the mating reaction 
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and conjugation. If these occurred, the cultures mixed were 
of different mating types Among the stocks examined m this 
way, there were two (stocks B and W) in which none of the 
mixtures reacted or yielded conjugants; these results and their 
significance will be taken up later In the remaining stocks, 
some of the mixtures yielded conjugants and others did not. 
In each of these stocks, however, the results fell into the same 
kind of definite system, as will now be set forth As examples 
of the relations found, there will be given the results on one 
stock from each of the three groups differing m the conditions 
required for the mating reaction, for as will appear later, these 
groups also differ in the mating types they contain 

In group 1, m which the mating reaction occurs at any 
time of the day or mght, the relations in stocks R and 8 have 
to some extent been reported previously (Bonnebom, 1937, 
1938), stock F will be employed here as an example of the 
results with this group Eleven different exconjugant cary- 
onides were mixed in all possible combinations of two with 
the results shown in Table 3, where the symbol in each square 
indicates whether the mating reaction and conjugation oc¬ 
curred m mixture of the caryonides on the corresponding row 
and file. The symbol — indicates that no reaction or con¬ 
jugation occurred, the symbol + that they did As appears 
on one of the diagonals of the table, no conjugation occurred 
in any mixture of two cultures of the same caryomde Among 
the 55 different possible mixtures of two caryonides, conjuga¬ 
tion occurred m 30, but not m the other 25. The mixtures 
that gave the mating reaction and conjugation consisted of 
any one of the caryonides 2bl, 2b2, 3a2, 4b 1 or 4b2 mixed 
with any one of the caryonides lb2,2al, 2a2,3al, 6bl or 5b2. 
Those that failed to react or conjugate consisted of mixtures 
of two of the former group of caryonides or of two of the latter 
group. The two groups of caryonides are thus of two different 
mating types: mating reactions and conjugation occur-when 
caryonides of these two types are mixed, not when two of the 
same type are mixed. Thus, in this sample of stock F, only 
two mating types appeared. In other experiments, many 



420 


T M SONNEBOEN 


TABLE 3 

Rbjbults of Mixing Different Exconjuqant Cabtonideb or Stock F, 
Group 1, Paramecium aureha 

In the square formed by the junction of each row and column is a symbol 
indicating whether the mating reaction and conjugation occurred In the mixture 
of the two caryonides shown on that row and column *f signifies that they did 
occur, - that they did not 


HQ 

UE3 

□□ 

na 

□a 



other exendomictic and exconjugant oaryomdes were examined 
and all were found to react and conjugate when mixed with 
one or the other 1 of the two mating types indicated in Table 3 
No additional or different types appeared and non-reactive 
oaryomdes were not found. Stock F thus consists of two 
mating types and every individual is of one type or the other 
In like manner, the stocks J, R and S of group 1 were shown to 
consist of two mating types each. 

Stock K will be used as an example of the second group of 
stocks—those that react at low temperatures and during the 

1 In this stuck, and in other stocks of all three groups, caryonldes exist which 
react and conjugate with both mating types of their stock Unlike the super¬ 
ficially similar situation in P. bursaria (Jeuiungs, 1938a), however, mating also 
occurs readily between individuals of the same oaryonide Such caryonldes thus 
appear to contain not a third type, but both of the two types characteristic of their 
stock This matter will be dealt with fully in later papers from this laboratory 
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night. The stocks A, C, D, E, G, H, and L also belong to this 
group and show the same phenomena as those now to be set 
forth for stock K In most of the work with this group, the 
mating reaction itself was not observed because of the incon¬ 
venient hours at which it usually occurs Instead, as men¬ 
tioned above, mixtures were made, put at 17° to 19° C over 
night, and observed for conjugation the following morning 
Table 4 gives the results with 16 exconjugant caryomdes of 
stock K, using the same symbols as in Table 3 No conjuga¬ 
tion occurred m any mixtures of two cultures of the Bame 


TABLE 4 

Results of Mixing Different Exconjugant Caryonideb of Stock K, 
Group 2, Paramecium amelia 

In the square formed by the junction of each row and (olumn in a symbol 
indicating whether conjugation o< curred in the mixture of the two caryomdcs 
shown on that row and column + signifies that it did occur, — that it did noi 









T M SONNEBORN 


422 

caryonide, but among the 120 possible different mixtures of 
two caryomdes, conjugation took place m 60, not in the other 
60. The mixtures that conjugated consisted of any one of the 
caryonides 31a, 33a, 34a, 35a, 37b, 38b, 39b, 41b, 44b, or 45b 
mixed with any one of the caryomdes 33b, 34b, 37a, 41a, 44a, 
or 45a. Those that failed to conjugate were mixtures of two 
caryomdes of the former group or two of the latter. The 
caryonides of one group are thus of one mating type and those 
of the other group are of another mating type, and conjugation 
occurs only when the two types are mixed. In Btock K, as m 
stock F, only two mating types appeared, for all of the hun¬ 
dreds of exendomictic and exconjugant caryonides examined 
in other experiments conjugated when mixed with one or the 
other of the two types shown in Table 4. 

Similar results were obtained with the third group of stocks 
(M, Q, and Y) which react between 1 a.m and 1pm. Stock 
Q will be used as an example of this group, identical results 
were obtained with the other two stocks M and Y. Table 5 
gives the results of an analysis of 17 exconjugant caryomdes 
of stock Q. No conjugation occurred in any mixtures of two 
cultures of the same caryonide, but the 136 possible different 
mixtures of two caryomdes showed that two mating types 
were present eight caryomdes were of one type and nine of 
the other. The 72 different mixtures consisting of two cary¬ 
onides of different type all conjugated, the 64 different mix¬ 
tures consisting of two caryomdes of the same type did not. In 
further studies on hundreds of other exconjugant and exen¬ 
domictic caryonides of stock Q, the same two types constantly 
reappeared and no new ones, all conjugated when mixed with 
one or the other of the two types shown m Table 5. 

Thus, each of these 15 stocks, belonging to three diverse 
groups, consists of two mating types. 'Hie remaining two 
stocks, B and W, are different. In each of them, hundreds of 
exendomictic caryonides were mixed together under conditions 
favorable for conjugation, but not one pair of conjugante ever 
appeared. Are these “non-conjugating” stocks? Or do they 
require for conjugation conditions different from those re- 
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TABLE 

Bravura of Mixing Dxffbbbnt Exconjuqant Cabyonidbs of Stock Q, 
Group 3. Partonecium aureha 

In the square formed by the junction of each row and column is a symbol 
indicating whether the mating reaction and conjugation occurred in the mixture 
of the two oaryonides shown on that row and column + signifies that they did 
occur, — that they did not 



quired by the three groups of stocks already described? Or 
does each of these stocks consist of but one mating type? 

The problem was easily solved by mixing caryomdes of 
stocks B and W with caryomdes of other stocks. Stock B 
gave the mating reaction and conjugated when mixed with 
type II from stocks R or S, but not when mixed with type I. 
Stock W invariably conjugated when mixed with one of the 
two mating types of stock K, but not when mixed with the 
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other Thus, stocks B and W are not “non-conjugating” 
stocks and do not require conditions for conjugation other 
than those already set forth, moreover, each does contain at 
least one mating type. 

In order to discover whether m each of these stocks all the 
caryonides were of the same mating type, each caryomde 
derived from a group of exendomictic individuals was sepa¬ 
rately tested Of 75 exendomictic caryonides of stock B, 
28 were non-viable and the remaining 47 all reacted with type 
II of stock R. All the viable caryonides were therefore of 
type I Of a group of 81 exendomictic caryonides of stock W, 
76 were viable and all reacted with one of the two types in 
stock K, none with the other type It thus appears that in 
each of the stocks B and W all of the viable caryonides are of 
one mating type 

It is of interest that one of these stocks, W, is the famous 
long-lived stock cultivated since 1907 by Woodruff (1932) 
Woodruff (1921) has twice obtained conjugation in it. This 
suggests that it sometimes gives rise to the other mating type 
found in stock K, but this has not yet happened during my 
four years of observations on it. 

After these unusual results were obtained with stocks B 
and W, new collections were made from the stream in Wood- 
stock, Md., from which stock B had been obtained Four 
individuals obtained from one quiet pocket of the stream gave 
rise to the four stocks N, O, P, and T In each stock, endo- 
mixis was induced and the exendomictic caryonides tested 
In every case, they failed to react with each other or with 
type I, but did react and conjugate with type II from stocks 
R or 8. They were thus all like stock B, consisting exclusively 
of type I However, not all stocks from this stream are like 
this, for three other individuals collected from another pocket 
of the stream gave rise to the stocks U, V, and X which be¬ 
longed to group 2 and contained two types each. 

The general result of this survey of 24 stocks of P aureha is 
thuB to show that all consist of mating types, most of them of 
two types that react and conjugate with each other, but some 
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of them apparently consisting mainly or exclusively of only 
one type If these 24 stocks, collected from North Carolina to 
Massachusetts, are a fair sample of the species, it can be 
concluded that “non-conjugating” or even “rarely conjugat¬ 
ing” stocks do not exist all conjugate regularly when the 
appropriate mating types are mixed together under appro¬ 
priate conditions Mating types thus appear to be of uni¬ 
versal occurrence in P aureha. Previous failures to observe 
them must be ascribed not to their absence, but to failure to 
grow the types separately and to mix them together m proper 
combinations under the necessary conditions 

III The Number of Diverse Mating Types in P aurelia 

AND THEIR INTERRELATIONS 

The questions now arise as to whether the mating types m 
different stocks are alike or not, how many diverse types 
exist, and how they are interrelated In order to answer 
these questions, all possible combinations of two were made 
among the stocks B and W and the two types from each of the 
other 15 original stocks These 496 different mixtures were 
made with the results shown m Table 6 In 395 of the mix¬ 
tures conjugation did not occur, m the remaining 101, it did 
The mixtures in which conjugation occurred are classifiable 
into three groups in the following way 

The first group involves the stocks B, F, J, R, and S The 
two types in stocks R and S are the mating types I and II, 
as set forth in my earlier papers (Sonnebora, 1937, 1938) 
Stock B consists of type I only, as shown in the preceding 
section Of the two types found m each of the stocks F and 
J, one is type I, for it conjugates with type II and not with 
type I from the other stocks, and the other is type II, for it 
conjugates with type I but not with type II from the other 
stocks Among these five stocks, conjugation occurred when 
type I from any of the five was mixed, m any of the 20 possible 
different combinations, with type II from any of the four 
stocks in which it occurs. The remaining 16 different com¬ 
binations among these stocks involved mixtures of two cut- 
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tures of the same type and no conjugation occurred. More¬ 
over, no conjugation occurred m any of the 207 possible 
mixtures of either type I or type II from these stocks with 
any of the types found in the remaining 12 stocks. Hence, 
neither type I nor type II occurs in those stocks. 

The second group of mixtures yielding conjugation in¬ 
volved the nine stocks A, C, D, E, G, H, K, L, and W. As 
types I and II do not occur in these stocks, the two types in 
any one of them, stock A for example, require new designa¬ 
tions. They will be called mating types III and IV That 
the other stocks of this group contain the same types is shown 
in Table 6 by the results of mixing them with types III and 
IV of stock A Thus stock W conjugates in mixtures with 
type III from stock A, but not with type IV; therefore, the 
one type existing in this stock must be type IV In eaoh of 
the other seven stocks of this group, one type conjugates m 
mixtures with type III from stock A, but not with type IV, 
the other conjugates in mixtures with type IV from stock A, 
but not with type III. The former is thus type IV, the latter 
type III In agreement with this, each of the possible 72 
different combinations between types III and IV from dif¬ 
ferent stocks yielded conjugants, whereas none were found in 
any of the 64 possible combinations between two cultures of 
type III or two of type IV. Types III and IV in these nine 
stocks not only failed to conjugate in mixtures with types I 
and II, but also in all of the 102 possible mixtures with the 
two types in the remaining three stocks. The latter, there¬ 
fore, do not contain types I, II, III, or IV 

The third group of mixtures yielding conjugation involved 
combinations among the types in these three remaining stocks. 
As the four types previously discussed do not occur in them, 
the two found in any one stock—M, for example—will be 
designated mating types V and VI. As Table 6 shows, the 
two types m stocks Q and Y must also be types V and VI; 
for one conjugates with type VI, but not V; and the other 
conjugates with V, but not with VI from stock M. In agree¬ 
ment with this, conjugation occurred in each of the six possible 
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TABLE 6 

Rsbuutb of Msung in all Possible) Combinations of Two thb 82 Mating 
Ttfbb Found in 17 Diffbbsnt Stocks of Paramecium avntta 

In tbs square formed by the junction of each row and column is a symbol 
indicating whether conjugation occurred in the mixture of the two types shown 
on that row and column + signifies that rt did occur, — that it did not The 
capital letters give the names of the stocks, the Roman numerals designate the 
mating types 


Group! 






Group 3 


DCQ3K 33 33 33 3 DSC3B==C=33C35DCE3BnDC3 

beebecs: :c::: BcsaQSCEBBScasBccBQBQBs 
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B=BHBf:f3t:t3EBBBBBBBBBBBBBBBBaaBBB3 
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BBBBBESE33 ESBSBBBB333 3333333333333323SBBBC 
BBBBBBSBBBBSBSBEBC3C::a:3nC3C3BC:aBBBaB 
3DBS3ZEC3533SSEBS03 332333233333 33332BSEBE3 
BSBBBBBBSBSBBBBBBE3nC3C3nC3ne3Bra3BBBB 
.. SBBEESSES 33EEEBB322222322222222232! CBBBSC 
1 ft DBBBBBBBB 222222222323I222E3BEBBDBE BSSSSB 
“ DBBBBBBBB 333333033333 33 3SBBSBSBBC BBEBBD 
B33SB=ESBS:3C::::333333333BSSSBBBBBSBBBBB 
BBBEDBEBB 333 33 33 333333 33 3BEB322EBEE BBBCBC 
□EEEEBBSS23232223222222323EB3E333E3B3E3E 



fctiBEESEBBBB 22332 323C22222C2EBEEECSECBCESEC 
iijSBSSSBBBB 33 33333333333! C3BSBSEBSBE BEEBBB 
OeasassaBSsasoQCBCsaBDcaoss aaac::::: 
r]BBCBBBBBBBSaSBS3BBBBSaBBB3=aBC:;3;3 
MbSBES 3BE33BBEBSSSS3B3BBB333E33:;33; 
„. BBBBEBBSBEBEEEBEEEBaBEEEDS 33333 3BS3 
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combinations of type V with type VI from different stocks, but 
not in any of the six possible combinations of two type V 
cultures or two type VI cultures from different stocks. * 

The types in the remaining nine stocks were not tested 
with all the other stocks, as Table 6 shows this is unnecessary. 
AH that is required to ascertain the types in a new stock is to 
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test them against one standard culture of each of the six 
diverse mating types, for the behavior of any type is con¬ 
sistent • if it reacts with one type from any one stock, it will 
react with this type from any other Btock, and if it fails to 
react with one type, it will not react with this type from any 
stock. Using this method of identification, it was found that 
the stocks N, 0, P, and T were of type I, because they reacted 
and conjugated with type II, but not with any other type. 
In like manner, the two types found m stock Z were found to be 
types I and II And those in the stocks I, U, V, and X were 
types III and IV, for one type from each of these stocks 
reacted and conjugated with type IV, but not with any other 
type, and the other reacted and conjugated with type III, 
but not with any other 

The 26 stocks are thus divisible into three groups on the 
basis of the mating types they contain. In the first group are 
stocks containing mating types I or I and II, these are the 
ten stocks B, F, J, N, 0, P, R, S, T, and Z Stocks of the 
second group contain mating types IV or III and IV, they 
are the 13 stocks A, C, D, E, G, H, I, K, L, U, V, W, and X 
In the third group are stocks containing mating types V and 
VI, these are the three stocks M, Q, and Y This grouping of 
the stocks on the basis of the mating types they contain gives 
the Bame results as grouping them on the basis of the environ¬ 
mental conditions required to get the types to react and 
conjugate. Types I and II, constituting group 1, react at 
any hour of the day or night over the entire range of tem¬ 
peratures tested (9® to 32° C.). Types III and IV, constitut¬ 
ing group 2, react at night below 25° C. Types V and VI, 
constituting group 3, react below 28® between 1 a.m and 
1 pm Thus, the three groups of stocks differ not only m 
the mating types they contain, but also m the conditions 
required for conjugation 

The failure to obtain conjugation between stocks of dif¬ 
ferent groups is not, however, due to the differences in external 
conditions required for conjugation. Types I and II react 
under conditions favorable for any of the other types; and the 
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types of groups 2 and 3 all react between 1 am and 9 am. 
at low temperatures The mixtures between stocks of dif¬ 
ferent groups were always made under conditions favorable 
for both groups involved Their failure to yield conjugants 
must thus have been due to internal, not external, blocks to 
union. 

From the observations set forth up to this point, the mat¬ 
ing system in P. aureha can be formulated m four propositions 

1. —The species consists of three groups of stocks differing in 
mating types and in the conditions required for conjugation 

2. —Each group includes only two mating types 3—Each 
stock consists of one or both of the mating types characteristic 
of its group 4 —Conjugation occurs only between the two 
mating types of the same group, so that the three groups do 
not interbreed These mating relations of the different types 
and groups are summarized m Table 7 They show on a 


table 7 

Results op Mixing the Six Mating Types of Paramecium aureha 

+ signifies that conjugation occurs in the mixture of the two types on the 
corresponding row and column, — that it does not The six types fall into three 
groups of two types each, with conjugation only between the two types of the 
same group 



larger scale a difference between P. aureha and P. bweana that 
appeared when only one stock of P. aureha had been examined 
For, in P. bursaria, the mating types occur in groups of four 
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or more with conjugation taking place between any two of the 
four or more types of a group (Jennings, 1938a and b); 
whereas, in P. aurelia, there are invariably two mating types 
to a group and conjugation occurs between them only. 

The sharp division of the species P. aurelia into three 
groups of non-interbreeding stocks raises the question of 
whether these different groups are different species. All 
these groups conform to the specific description of P. aurelia, 
possessing two vesicular micronuclei Within each group of 
stocks there are, under certain conditions, slight differences in 
body size and form; but consistent morphological characters 
differentiating all the stocks of one group from all of those of 
another, have not been found. The three groups do differ 
consistently in the mating types they contain and in the 
conditions required for conjugation. On the basis of the 
latter, the group to which a new stock belongs could be deter¬ 
mined without testing against the six standard types If 
conjugation occurred readily above 27° C. and equally well 
at all hours of the day and night, the stock belongs to group 1; 
if it occurred only below 25° and only at night or early morn¬ 
ing, the stock belongs to group 2; if it occurred only below 
27°, and only between 1 a.m. and 1 p.m., the stock belongB to 
group 3. As the different groups of stocks do not interbreed, 
they would be considered by some (Dobzhansky, 1937) to be 
separate species. Practically, however, it would require ob¬ 
servations of such a special kind to ascertain the species that 
it seems inexpedient for the present at least to set up these 
three groups of Btocks as separate species 

The mating reaction and conjugation have thus far been 
dealt with as if they were invariably correlated. This is, in 
fact, the usual condition, conjugation ordinarily follows the 
mating reaction. In at least one combination of mating types, 
however, a weak but definite clumping reaction regularly 
occurs under appropriate conditions and is never followed by 
conjugation. This reaction appears between I A.M. and 1 
p.m. at temperatures below 27° C. in mixtures of type II with 
type V; but only when the two cultures mixed are in the most 
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favorable condition for conjugating, that is, when each gives 
immediate strong reactions in mixtures with the other type of 
its own group. The same result is obtained regardless of 
which stocks are used as sources for the two types type 11 
from any of the five stocks F, J, R, S, or Z in which it exists 
reacts with type V from any of the three stocks M, Q, or Y 
in which it exists In all these mixtures there are formed 
pairs or small clusters that go through the characteristic 
early stages of the mating reaction and then break apart with 
a sharp jerk That the reaction involves animals of both 
types is evident when mixtures are made between small type 
II and larger type Y animals, or vice versa the unions are 
invariably between animals of diverse sizes In mixtures of 
about SO animals of each type, usually only one or two pairs 
or small clusters are present at any one time and these remain 
together for only a minute or less There are frequently 
intervals of one or a few minutes m which no pairs are present, 
but new pairs form repeatedly throughout the ordinary period 
of reactivity of group 3 After this penod the reaction ceases; 
but if the mixture is kept until the following day, the reaction 
is repeated during the forenoon. During the period of 
reactivity, the behavior is such as takes place near the end 
of the daily reactive period m mixtures of type V and type 
VI, when temporary pairs or clusters form for a short time 
and break apart without conjugating 

This type of reaction has not been found in any other 
combination of mating types belonging to different groups 
If it existed, one would expect to observe it most favorably 
between 1am. and 5 a m m the case of mixtures between 
groups 1 and 2, and between 4 am. and 5 a.m. in the ease of 
mixtures between groups 2 and 3. In the several trials made 
at these hours, the results were completely negative. The 
occurrence of clumping without conjugation in certain mix¬ 
tures of types belonging to different groups and not brothers 
appears to resemble the results of Strehlow (1929) on the 
alga Chlorogonium. When + and — gametes of the two 
species C. euchlonm and C. elongatum were mixed, in certain 
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interspecific combinations, the gametes adhered to each other, 
in other combinations not, and m no case were zygotes formed. 
The regular occurrence of the clumping reaction between 
types II and V, which do not interbreed, suggests that the 
four types I, II, V, and VI include two modifications of one 
original type and two of another For types I and V are 
similar m that both react with type II, and types II and VI 
are similar in that both react with type V In agreement with 
this, other similarities between types I and V, on the one hand, 
and between types II and VI, on the other, have been found 
These similarities suggest common origins, namely, that two, 
and possibly all three, of the pairs of mating types may be 
diverse modifications of a single original pair of types Full 
discussion of this question will be given m a later communica¬ 
tion, after other pertinent evidence has been presented. 

Do the three pairs of mating types reported above include 
all the types existing m P. aureltaf As only 26 stocks have 
been examined, and as all but one of these (the pnc from 
California) come from the eastern United States between 
North Carolina and Massachusetts, it is possible that further 
search, particularly in other localities, will turn up more pairs 
of types. I should be glad to receive and analyze cultures 
collected elsewhere 

IV The Relation of Mating Types of Paramecium 
to Sexuality 

The recent work on mating types in Paramecium has 
demonstrated among the conjugants the existence of physio¬ 
logical diversities that are strikingly similar to the sexual dif- 
feiences between gametes in some of the unicellular green 
algse (Strehlow, 1920, Moewus 1933, 1935). In the latter, 
cells capable of uniting m copulation are of two types, plus 
and minus, when cultures of these two types are brought 
together under appropriate conditions, they at once form 
clumps (“Gruppenbildung”) and proceed to copulate. The 
plus and minus gametes are morphologically and functionally 
alike, but, as copulation takes place only between cells of dif- 



MATING TYPES IN PARAMECIUM 


433 


ferent types, they are physiologically diverse. In these 
respects, therefore, the plus and minus sexes m the unicellular 
algffi are like the mating types of Paramecium 

There are, however, certam differences between the phe¬ 
nomena in the two gioups of organisms In the algee, the two 
sexes have been shown (Moewus, 1933) to elaborate specific 
“sex stuffs’’ which can be obtained from the fluid they have 
lived in Attempts to demonstrate such “stuffs” in Parame¬ 
cium have not been successful A further difference exists in 
the number of kinds of mating classes In the alg®, there 
are always only two kinds, though each kind may exist m 
varying strengths, in P aurclta there are likewise but two 
kinds in any mating system, but m P bursana (Jennings, 
1938a and b), there may be four or five different mating types 
m one system Finally, in Paramecium all the mating types 
are functionally hermaphroditic, each conjugant of a pair 
fertilizing the other one, while m the unicellular algre reciprocal 
fertilization does not occur 

In view of these differences, it. has been held that the 
similarities between the phenomena in the unicellular alg® 
and in Paramecium are not indicative of fundamentally 
similar processes, indeed, that in the former they are to be 
considered sexual phenomena, in the latter, not. The chief 
fact held to show that the phenomena of mating types in 
Paramecium are not sexual is the hermaphroditic condition of 
all the types As each conjugant produces both a “male” 
and “female” pronucleus, the conjugant as a whole cannot be 
male or female On the other hand, there is evidence in other 
abates that vestiges of the hermaphroditic condition can 
coexist with individual sex differences. In the Vorticellid®, 
the conjugants are markedly dimorphic as well as functionally 
diverse 1 the microconjugant is motile and fertilizes the sessile 
maoroconjugant Yet, in both conjugants two pronuclei are 
formed as in the dilates with morphologically identical'conju¬ 
gants and reciprocal fertilization. Moreover, in one of the 
Vorticellid®, Zodthammum arbuecula, Furssenko (1929) gives 
some evidence that even reciprocal fertilization may occur, 
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though followed by disintegration of the syncaryon in the 
microconjugant. It seems, therefore, that hermaphroditism 
need not be completely incompatible with other aspects of 
sexual diversity. With respect to that aspect of sex con¬ 
cerned with fertilization itself, the two cells that come together 
may be hermaphroditic, while with respect to that aspect of 
sex concerned with bringing together the cells, they may be 
diverse. That is the situation in Paramecium. However, 
opinions may differ as to whether processes concerned simply 
with bringing cells together for mating are in themselves 
sexual. It appears desirable, in the present state of fetfbwl- 
edge, to focus attention on the facts rather than on their inter¬ 
pretation Therefore, the interpretive terms “sexes,” "sex 
types,” and “sex reaction types” used m previous papers 
have been replaced in this paper by the purely descriptive 
term “mating types.” 
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THE TRANS NEPTUNIAN PLANET SEARCH* 

V M. SLIPHER 

Director Lowell Observatory 
(Read, April Si, 1988) 

The ninth planet, Pluto, was found early in 1930, termi¬ 
nating the long search for Lowell’s mathematically predicted 
Planet X Final success, after yearn spent in searching with 
inferior instrumental means, came m scarcely a year after 
the completion of the specially designed search telescope— 
indeed the tenth search plate made with this powerful 
instrument recorded the planet although it was not until 
the examinations of plates of the following season that Mr 
Tombaugh actually found the planet. Then quite naturally 
there appeared to us weighty reasons why the Lowell Ob¬ 
servatory should proceed with the larger campaign of search¬ 
ing a wide ecliptic belt of the heavens for still more distant 
members of the solar system There were reasons for ex¬ 
pecting such bodies might exist For example Pluto with his 
smallness compared with his neighbors, Neptune and Uranus, 
suggested striking similarity now of the Solar planet system 
to that of the Jovian satellite system in that both systems 
possess, we see, smaller ordei of bodies m their outer portions 
and there is then the intimation that we may expect to find 
other more distant planets of Pluto’s order of size 

Furthermore we believed the search could be well done 
because of very favorable surrounding circumstances good 
skies, very efficient instrumental means, perfected methods, 
and an enthused observer of high technical skill and experi¬ 
ence Yet we from experience realized the task was not an 
easy one because it involved searching a wide area of the 
heavens and the careful testing of many millions of stars 
for planetary motion, but the search needed to be made. 

* Supported by a grant from the Penrose Fund of the American Philosophical 
Society 
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Perhaps a little ought here to be said of the maimer of 
such searching Fortunately the observer rides the swiftly 
moving Earth which by its orbital motion carries him past 
any distant planet causing it to appear to shift from night 
to night seen against the far background of hxed stars The 
procedure is then to photograph the identical region of sky, 
using the same guide star, on two different plates two or a 
few nights apart, for then the distant planet will be a little 
shifted on the two plates Thus the observer continues to 
make such matched pairs of plates of the sky until all of it is 
covered which is to be surveyed. The observer makes these 
pairs of duplicate plates as perfect as it is possible to make 
them, and especially must he keep them free of dust. This 
is most important for it takes ten times as long to examine 
the plates as it does to make them, and the tmy speck of 
dust that looks like a star image can cost much time and 
trouble m searching the plates 

The two members of these pairs of duplicate plates are 
then placed under the two microscopes of that most effi¬ 
cient Blink comparison machine, and the observer proceeds to 
examine them until every pair of the many thousands of star 
images on the plates have been carefully tested for motion, 
because it is only by shift motion that we could recognize 
such a distant planet Since furthermore we can expect, in 
the whole sky, only one (or possibly two) such planets the 
observer must be over alert lest he pass over the coveted 
little planetary images. He must not make even one miss 
Such examination must be far more precise and painstaking 
than if he were looking for proper motion stars, variable 
stars or the like. He, as a matter of fact, sees the numerous 
variable stars, asteroids and nebula*, etc., which in passing 
he marks and lists as by-products of the survey. 

Since 1930, except for some time at the University, 
Mr Tombaugh has given all his time to this search. He 
has pushed it forward with praiseworthy care, energy, and 
skill. Most of the time during the last 3 or 4 years he has 
been able to devote all his energy to the critical examination 
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of the plates, for a technical assistant has been since then 
available to make the exposures of the plates at the telescope. 
This has shortened the time and lessened therefore the overlap 
of plates, which much reduces the total work 

Thus far Mr. Tombaugh has carefully examined every 
star for planetary motion m 27,000 square degrees, or sixty- 
five per cent of the whole sky The illustration m Fig 1 
shows a map of the whole sky, of which the shaded part 
denotes the portions of the heavens that have been examined 
to April 1 The heavy curved line is the ecliptic, which is 
the most likely portion of the sky for planets, although the 
high inclination of Pluto’s orbit and of those of some of the 
outer satellites of Jupiter and Saturn suggested it would be 
wise to extend the search also to considerable distances noith 
and south of the ecliptic Below, midway m this figure is a 
small white rectangle which denotes the size of one of the 
14 X 17 inch search plates on the scale of this map of the 
heavens, and on this white rectangle is a tiny black spot of 
just the size to include five square degrees of sky Within 
this small area of a plate in the Milky Way east of Sirus were 
counted 15,000 stars on one of the original plates While 
on the avciage the stars are not nearly as numerous as they 
are m the Galaxy still the number of stars thus far examined 
for planetary motion amounts to about 35,000,000 The 
total area covered is 8,000 times that represented by this 
tmy spot, counting the needed over-lap of the plates, and the 
examination of the duplicate plates, the survey has included 
about 70,000,000 star images to date 

In the course of the work a number of suspected planetary 
images were met, and a few of these seemed very promising, 
but in running them down all these proved to be false leads 
of spurious tiny specks that perfectly simulated real planetary 
images Some of these involved the securing of additional 
check plates m order to decide that they were not true 
images, for nothing could be taken for granted with such cases. 

The result then is that no outer planet has yet been found 
by this search beyond Pluto. Still it is well that we have 
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this knowledge of the solar system, even though the result in 
that sense happens to be negative There appears to be no 
outer planet as bright as the sixteenth photographic mag¬ 
nitude for the reach of the survey is to the 16th stellar 
magnitude a little less in the lowest southern declinations and 
a little more in the higher declinations The search has been 
thorough and homogeneous with standardized plates and 
methods It is hoped in a few months to complete the few 
unfinished areas when the sky will be covered from near 50 
degrees S to 60 degrees N decimation for most of the northern 
sky. 

Mention has been made of byproducts of the search, and 
a few comments and slides touching these matters may be 
of interest The asteroids, those little bodies belonging 
mainly between the orbits of Mars and Jupiter, move rapidly 
and so leave their trails on these plates More than 3,000 
asteroids have been recorded on the plates and their trails 



Fio. 2 The arrow points to the shaded portion, which, indicate* the position 
and extent of the " Qrral Per mu-A ndromeda Stratum of Nebula," discovered in the 
planet warch 
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marked The asteroids have of course been observed to 
become rare in those parts of the sky at considerable distances 
from the ecliptic The positions of the asteroid images on 
these plates are being measured and published because such 
information is much desired by those investigating this re¬ 
markable and multitudinous group of bodies While the 
majority of these images are the record of known objects 
there will be found among them many new asteroids and some 
known ones for which more data are much to be desired. 

It is estimated that more than 30,000 nebulae are recorded 
by these search plates and a full record has been kept of 
them, and some study has been made of their distribution 
over the sky, counts having been made of their numbers in 
selected areas of the heavens In the autumn of 1036 Mr. 
Tombaugh came upon a remarkable rich cloud of nebulae, 
which is illustrated m the shaded region of Fig 2 of the sky 
map This grouping of nebulae is m Perseus and Andromeda, 
covers about 300 square degrees, and includes 1,800 individual 
objects. All are small and rather famt, indicating they are 
distant and a remarkable aggregation of island universes. 

Of course numerous variable stars are also recorded. 
These naturally are of short period, t e. those that change 
appreciably in two or three days Some of these are of 
exceptional interest and new They are marked on the 
plates and also listed in the search records. 

This extensive and uniform library of sky photographs will 
have other values than those indicated here and should be 
fruitful in later years m other studies 

In conclusion, it need hardly be stated in the face of such 
evidence as has been given that Mr Tombaugh ments high 
praise for the keen interest, skill, and untiring energy with 
which he has earned forward this search. Also for making 
many excellent search plates credit is due Messrs. Frank K. 
Edmondson and Henry L. Gidas. And finally thanks are 
due to the Amencan Philosophical Society for its aid of two 
grants from its Penrose Fund. 



THE PLANETS FROM OBSERVATIONS AT 
THE LOWELL OBSERVATORY 

E C. SLIPHER 
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(Communicated by V M Sbpher) 

{Read Apnl Si, 1938) 

Abstract 

This observatory has emphasized the study of the planets since 1894, and 
tho present paper briefly discusses the observations of Mercury, Venus, Mars, 
Jupiter, and Saturn, and their atmospheres Direct photographs portray the 
general appearance of these planets, significant changes, as well as examples of 
tell-tale phenomena observed during the past thirty years * 

Mercury appears as atmospheroless and unchangeable as oui moon and, 
keeping always the same face to the sun, thus is completely desolated by a surface 
temperature of 280® to 400° C 

Venus' true surface is hidden by a considerable atmosphere, rendered virtually 
opaque by some medium, probably dust, and hence her day is not yet definitely 
determined but is long Her atmosphere contains 400 to 500 meter atmospheres 
of COi, but oxygen and water have not yet been detected The temperature of 
her actual surface is more difficult to determine than but appears about 

60° C 

Mara is analogous to the Earth, and its surface is marked by polar snow-caps 
and blue-green areas which change with its seasons, has a moderate surface tem¬ 
perature, and displays an atmosphere of considerable extent which supports 
clouds at relatively great heights and scatters light to an amazing degree, but is 
very changeable in the latter respect 

Jupiter presents a belted surface of mobile, changeable, and van-colored 
clouds of unknown composition, but not of water-vapor The surface tempera¬ 
ture is low—near —120° C , but tho great activity of his surface indicates a fairly 
hot intenor His overlying atmosphere, containing OH* and NH», is very trans¬ 
parent although of a molecular population comparable with the Earth's 

Saturn closely resembles Jupiter, hut its surface displays less activity and 
less conspicuous markings except m rare instances such as the great white spots 
of 1875 and 1933 The surface temperature is near -150° C, and the com- 
position and behavior of its upper atmosphere simulates Jupiter’s 

The special aim of the Lowell Observatory since its 
founding has been the study of the planets of our solar 
Bystem, beginning with their present state and looking thence 
to their evolutionary history. To accomplish this purpose it 
has been necessary to collect information, as accurate and 
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extensive as possible, by well tested means and methods, and 
to plan the program in ways to secure data which bear upon 
the various phases of the problem. To this end the program 
at Flagstaff has included in addition to visual and photo¬ 
graphic studies long continued spectrum studies and more 
recently radiometric observations. 

It is intended here to consider chiefly results obtained 
from the visual and photographic observations of the surfaces 
and atmospheres of Mercury, Venus, Mars, Jupiter, and 
Saturn. 

Diverse as the planets arc today, they are all representative 
of certain evolutional processes and so knowledge of one 
member may throw light upon the development of others 
Therefore, as intimate knowledge as possible of the several 
planets is important Thus they have been closely studied 
visually at this Observatory for more than forty years, and 
during the last third of a century the visual observations 
have been supplemented by direct photographs The photo¬ 
graphic record has been kept as homogeneous and as complete 
as possible so as to afford a permanent record with which 
future results may *bc compared. Early experience has 
shown that photographs of the planets in hght of different 
colors were valuable aids in their study Thus for more than 
fifteen years we have kept a fairly complete record of the 
several planets in blue hght, simultaneous with the usual 
senes m yellow hght And for some years these series have 
been supplemented and extended by photographic studies in 
ultra-violet and infra-red hght. Indeed, advantage has al¬ 
ways been made of any new means or methods that afforded 
any new approaches to these planetary investigations 

The camera system as employed on the 24-inch refractor 
magnifies the planet about 200 times on the onginal negatives. 
The exposure times vary with the planet, plate, and filter, 
but generally range from 1 to 60 seconds. 

A very large number of photographs totaling about 
500,000 images of the planets has been secured during the 
past thirty-five years Comparison of photographs taken at 



PLANETS PROM OBSERVATIONS 


443 


different times bring out many interesting and instructive 
features and phenomena that might otherwise be missed or 
less well recorded. 

It will be understood that because of the grainmess of 
plates not much of the delicate detail of the original photo¬ 
graphs can be reproduced with a projecting lantern This is 
unfortunate because in the fine detail of the plates is often 
the most instructive part of their record. 

Mercury 

The markings on Mercury are faint, diffuse, and irregular 
m form and arrangement. They are of a straw-colored grey, 
and bear the look of soil or rock These facts and his low 
albedo imply that we see simply barren rock or sand weathered 
by eons of exposure to the hot Sun There is no distinctive 
color in any part of the planet He has no polar caps, and 
the fixity of the markings affords evidence that the planet’s 
rotation period is the same as its period of revolution. The 
visual and photographic observations reveal no evidence of 
any clouds, ie. of any sensible atmosphere His surface 
presents as dead an appearance as does that of our own 
Moon With no air to nutigate the intense heat of the sun 
which is seven times as intense as the Earth receives, its 
surface temperature, as measured with the thermocouple is 
high—at aphelion 280° and over 400° C. at perihelion—a 
temperature sufficient to melt such metals as lead and zinc 
Such intense heat would have speedily dissipated his original 
atmospheric envelope Thus, one imagines the desolation of 
his surface is complete. 

Venus 

Venus, being relatively near us, displays a correspondingly 
large disk, but one which has proved singularly baffling. 
An air-enshrouded planet we know her to be, by hcg high 
albedo, by the observed prolongation of the horns of her 
crescent beyond the geometric half circle, and by the variable 
atmospheric spots on her ultra-violet photographs. It is this 
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very atmosphere that prevents us seeing her actual surface 
clearly (PI. I). Thus she is difficult of observation. The 
length of her day is not satisfactorily determined. Still from 
spectrographic and other evidence her diurnal turning—her 
rotation period—is doubtless very slow but whether her day 
and year are exactly equal there remains some doubt. It is 
hoped to gam further knowledge of her period of rotation 
from the markings on the ultra-violet photographs. But 
these as yet have proved too ephemeral to indicate rotation 

(PI II). 

Spectrographic investigations at Flagstaff and elsewhere 
of Venus have failed to reveal water vapor or oxygen in her 
atmosphere, but Dunham at Mt. Wilson discovered carbon 
dioxide to be present, and the quantity has been determined 
by Adel at flagstaff as quite large, nearly 500 meters at 
atmospheric pressure. However, something more and differ¬ 
ent is required to account for the high reflectivity of her 
atmosphere which gives her a high albedo and prevents us 
from seeing her surface. It now seems more probable than 
ever that this something is dust, as suggested long since by 
Lowell. A dust laden atmosphere would appear to account 
satisfactorily for all the observed facts. 

Venus, situated about seven-tenths our own distance from 
the sun, gets about double our supply of Bolar radiation and 
her surface temperature is relatively higher than the Earth's. 
The temperature of her true surface cannot be so definitely 
stated as in the case of Mercury, but an effective temperature 
near freezing for the integrated radiation measured radio- 
metncally is indicated for her radiating layer. Analysis of 
band spectra by Adel indicates a surface temperature higher 
than 50° C. 

Mass 

It is a fortunate circumstance that the planet Mars, the 
one most favorably situated for observational study should 
duplicate so closely our Earth in seasonal effects, intake of 
solar radiation, and in other respects as will appear in what 
is to follow. 
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In case of Mars we see a solid surface and deal with a 
geography and meteorology as real as our own. Quite unlike 
the markings upon Jupiter and Saturn, where aU we see is 
cloud, in the definite markings on Mars we gaze upon the 
actual surface features of his globe. His disk we see capped 
by cloud and snow at the poles, in Beason, with the intervening 
area divided between ochre colored desert, and dark blue-green 
regions which seasonally behave as vegetation Both the 
polar caps and the blue-green areas are observed to wax and 
wane in precise step with his seasons. Then there are other 
changes in some dark markings which do not obey the 
seasons, but are of a secular nature We find him encom¬ 
passed by an atmosphere of considerable extent bearing clouds 
and haze some of which are yellowish and others bluish 
white in tint Besides, his atmosphere manifests a most 
amazing influence on light, an influence perhaps out of all 
proportion to the density of it, being usually so opaque to 
the short waves as to obliterate all the surface markings, 
whereas this same blue light we have seen to pass readily 
through the atmospheres of Jupiter and Saturn without 
noticeable effect. Yet at other times, his air clears up in 
some strange manner so as to become nearly transparent to 
this very same light, as we shall now see m the photographs 
Plate III shows photographs of Mars displaying seasonal 
change in his polar snow caps and in the blue green areas 
from Martian date (upper hemisphere) March 2 to August 21. 
With the advance of summer his snow cap dwindles and the 
dark regions increase in intensity. This is the usual seasonal 
behavior, and m the main repeats itself every Martian year. 

Plate IV shows independent drawmgs of Mars by Trumpler 
(at left) at Lick Observatory and by the writer at Flagstaff. 
About 50 canals, oases, and other fine details are common to 
both observers and they agree substantially as to the position 
and fineness of the canals and the other features. f- 
Plate V is a group of drawings and photographs displaying 
the life-history of one of the most remarkable storms ever 
seen at midday on Mars. Figures 1 and 2 show the normal 
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aspect pribr to the storm. The succeeding images display 
the storm as a bright spot, covering 300,000 square miles on 
July 0, it changes in its position, size, and form strikingly by 
July 10, and on the 12th has nearly disappeared. Such 
striking storms are very rare on Mars, especially in the 
tropics and at Martian noonday. 

Plate VI shows photographs of the same face of Mars 
taken at different times, displaying remarkable changes in 
the clarity of his atmosphere. The first image, Fig. 1, is in 
red light, all the others are in blue light and display various 
degrees of cloudiness, of general opacity, and of clearness of 
the Martian atmosphere on different days Photograph Fig 
2, taken April 20, 1937, shows much cloudiness. Figure 3 
taken a month later, May 20, displays the highest blue 
transparency of his atmosphere ever observed, the clanty 
being evidenced by the showing of the dark surface markings. 
Figure 4 is a blue photograph of the same face of the planet, 
June 24, 1937, which illustrates how completely the sky of 
Mars has hazed over again For on June 24 his air had 
again become opaque to blue hght, and no trace of his surface 
markings shows through These photographs not only prove 
the existence of a very considerable atmosphere about Mars, 
but also clearly show that he undergoes meteorological 
changes not unfamiliar to us here. Figures 5 and 6 are 
yellow and blue images of another face of Mars taken on 
May 13, 1937, which display the morning side of the planet 
covered with a blue-white haze, while the afternoon side was 
quite clear. Figures 7 and 8 are yellow and blue photographs 
taken June 1, 1937 Here the blue image shows new large 
dark areas which ore as indicative of the influence of the air 
of Mars as are their associates, the bnght clouds. That 
these strikingly dark areas on the blue photographs do not 
belong to the body of the planet is made evident by the 
yellow photograph, and confirmed by visual observations. 
It is difficult to say how his atmosphere causes these new 
“dark clouds”, whether they are due to strong local absorp- 
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tione or to polarization effects or to some other cause it is 
not now possible to decide. 

Other photographs of Mars (not reproduced here) were 
presented that displayed the southern snow cap at its winter 
maximum 3,500 miles across m the one case and at the usual 
summer minimum of 150 miles in another Another set of 
photographs taken in two different Martian summers dis¬ 
played the peculiar disintegration of the south snow cap 
that has repeated itself at the same Martian date since 1845, 
pecularities which stamp the summer cap as a deposit on 
the planet’s actual surface systematically dissolved with the 
march of summer there (PI IV) Still other photographs not 
only revealed the canals, but it was shown by comparison 
photographs that they also change greatly in inherent strength 
from time to time A natural color photograph of Mars was 
shown which displayed the colors of his surface, portraying 
the “desert” regions reddish, the dark regions bluish-green, 
the morning and evening mist bluish-white, and the snow 
spots nearly pure white 

The surface temperature of Mars, the order of which has 
been indicated by the melting snow caps and other mani¬ 
festations of his markings, was deduced years ago by Lowell 
from theoretical considerations as being about 48 degrees F. 
for the mean More recently it was measured directly with 
the thermocouple by Coblentz and Lampland, and others, 
and the result is consonant with the earlier determination. 
The later measures show that around Martian noonday the 
temperature of the surface rises to 60 degrees F and higher. 
This temperature result is not surprising when we comsder his 
low albedo which shows that his surface reflects away only 15 
per cent— t.e. absorbs 85 per cent of the solar energy reaching 
it—hence compensating largely for his greater distance from 
the sun. 

Their wide variety and the significant changes his surface 
features undergo, stamp Mars as a planet the physical state 
of which is the most Earth-like of any of the planets. When 
to this we add his matchless canal markings which also 
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undergo significant change, we have the most engaging and 
at the same time one of the most complex planetary problems 
of the solar system. 


Jupiter and Saturn 

Jupiter and Saturn are observed to be so similar that we 
may well consider them jointly here. It is clear from these 
photographs that they differ widely from the terrestrial type 
of planets, Mercury, Venus, and Mars. The changeable and 
mobile character of their belted surfaces plainly reveal that 
they consist of cloud But these clouds we know are not of 
water vapor as are our own, because their temperatures are 
too low, being about — 120° C for Jupiter and — 150° C. 
for Saturn according to the radiometric measures. The 
composition of their cloud surfaces is not completely known. 
The spectrographic investigations by Slipher, Dunham and 
Wildt, and finally the complete identification by Slipher and 
Adel of all the important absorption bands in the spectra of 
these planets, have shown the overlying atmospheres contain 
ammonia gas and much methane. Their bright cloud belts 
may consist in some degree of crystals of frozen ammonia, 
but the dark and red belts and other colored darkish markings 
remain unexplained. The coloivfilter photographs, give evi¬ 
dence that the gaseous atmospheres of Jupiter and Saturn 
produce no appreciable scattering and are therefore very 
transparent, the absorption by the ammonia-methane atmos¬ 
phere is confirmed by the darkemng at the edges of the disk 
of the Jovian red photographs. The virtual absence of 
atmospheric scattering denotes that their superficial atmos¬ 
pheres are much less extensive than generally supposed, and 
suggests a molecular population of the order of the Earth’s 
atmosphere or less. Thus with their cloud surface envelopes 
near the outskirts of their atmospheres, with the weak solar 
energy at their great distances, and without water vapor or 
other effective agent to bar radiation into Bpace, their low 
cloud surface temperatures seem consonant with the other 
observations. But this low temperature does not necessarily 



PLANETS FROM OBSERVATIONS 


449 


mean that their centers are cold. In fact the great turbulence 
of their atmospheric surfaces strongly evidences a considerable 
temperature gradient beneath. Hence, below their high 
floating cloud surfaces probably lies an atmospheric ocean 
which gradually grows denser and warmer downward, before 
it reaches any solid surface, indeed that these planets possess 
any solid surface even remotely resembling the Earth's crust 
is very doubtful 

Thus, it has become clearly evident that the surfaces we 
observe on Jupiter and Saturn are of clouds of some strange 
composition, being entirely different from the terrestrial type 
and probably composed of an unfamiliar compound Also it 
is strongly indicated that the energy that gives nse to these 
changeable and vangated cloud surfaces comes from within 
the planets themselves, as there is no observed evidence that 
they are modified or influenced by diurnal, or seasonal effects 
of solar radiation 

Plate VII are photographs of Saturn, taken from 1909 to 
1937, and show various aspects of this beautiful planet and 
its unique system of nngs, and reveal the belts and other 
features which characterize his surface. 

Plate VIII is a drawing and photograph of Saturn showing 
the great white spot which appeared on bis equator in August, 
1933. This proved to be the most remarkable cloud disturb¬ 
ance that has been observed on this planet since 1876, when 
a similar spot was observed by Hall at Washington While 
we do not know certainly the cause of this phenomenon, 
we think it might have been due to ammonia vapor which 
rose from his interior and froze as it reached his high and 
cold cloud surface. 

Plate IX are photographs of Jupiter which exhibit in Figs. 
1 and 2 the varied types of features and great complexity of 
detail that mark his surface in periods of unusual activity. 
Figures 3 and 4 are two photographs of the same face of 
Jupiter taken two months and a half apart. They display 
the widespread changes which may occur there in a short 
time during periods of great activity. On the upper left side 
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of the disk is the Great Red Spot, a Jovian feature which in 
its general outline has been fairly stable and persistent for 
two hundred and seventy years This permanency of the 
so-called Red Spot is in marked contrast to the general 
ohangeableness of his other markings. 

Plate X displays examples of photographs of Jupiter 
taken at Flagstaff from 1909 to 1937, which are explained in 
the notes accompanying the plate. 

By piecing together the various bits of evidence we find 
that the planets differ widely not only m their characteristic 
surface features but actually m physical conditions. In these 
respects the major planets stand in a class by themselves 
and are quite similar But the terrestrial planets, each 
presents an individual case, and their surface conditions differ 
very widely. Like statements apply to their comparison as 
regards their atmospheres based upon spectrum and related 
observational data 

Recapitulating regarding the important matter of their 
atmospheres, the observations indicate that Mercury possesses 
no appreciable atmosphere, that Venus has a considerable at¬ 
mosphere which is largely impenetrable to all wave-lengths of 
light and therefore its extent and composition is imperfectly 
known, that Mars has a considerable atmosphere but less than 
the Earth's and contaimng scantier amounts of water vapor 
and oxygen although displaying clouds and familiar meteoro¬ 
logical effects, and that his atmosphere is generally trans¬ 
parent to yellow and red hght but is peculiarly opaque to light 
of the violet end of the spectrum, although variable in this 
respect; and that the superficial atmospheres of Jupiter and 
Saturn are probably denser than that of any of the above 
planets and of a different composition containing luge 
amounts of methane and some ammonia, but these are very 
transparent and manifest themselves chiefly by the greater 
selective absorption of the red rays. 

From these studies it has become evident that, of all the 
planets, Mars most closely resembles the Earth. The tem¬ 
perature of his surface, the character and behavior of his 
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atmosphere, the presence of clouds, polar caps, and blue-green 
areas, and all the seasonal manifestations of his surface com¬ 
pose a picture which clearly stamps him as a body the physical 
state of which does not differ widely from that of our Earth. 

In this brief account of the Flagstaff observations of the 
planets possibly enough has been given to show that they 
include a wide held for study and that real progress has been 
made m the study of these companions of the Earth. Yet 
many questions remain pressing to be answered concerning 
their surfaces and atmospheres. 
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EXPIiANATION OF PLATE I 
Vbnto 

Photographs showing the various phases and true relative sues of the planet’s 
disk presented during a synodic period 
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EXPLANATION OF PLATE II 
Vwrtm 

Photographs taken in ultra-violet light at difforent times displaying ephemeral 
nature of the markings obtained by short-wave light 

In this plate are reproduced some representative examples of ultra-violet 
photographs of Venus such as have been taken at Flagstaff during the past ten 
years with the hope of gaining further knowledge of her rotation period Photo¬ 
graphs of Venus taken in different regions of the spectrum from X $500 to X12000 
have failed as yet to record distinct markings, except those taken in ultra-violet 
light This senes of ultra-violet photographs were taken at different times and 
display the general appearance and behavior of the markings 

Fig 1 An ultra-violet photograph taken February 2,1037, when the planet 
was near half phase, which displays the surface strongly marked with bright areas 
at top and bottom and dark areas in between 

Fig 2 This photograph was taken February 17,1037, and represents about 
the minimum of markings, being only weakly marked and the disk appears quite 
uniform 

Figs 3,4,5,6, and 7 Here is a senes of euoh ultraviolet photographs taken 
on three consecutive days, Fig 3 on June 12, Figs, 4, 5, and 6 on the 13th, and 
Fig 7 on the 14th, 1035, and therefore should be considered together Those on 
June 13, were taken at 2 50, 5 50, and 7 15 f m It will be noted that the mark¬ 
ings differ on the three days, and even those made at intervals of a few hours on 
the same day reveal differences in the bnght hoods at top and bottom of the disk 
and in tfco other markings But the differences disclosed are due to inherent 
change in the markings themselves and not to rotational shift 

Study of many thousands of such photographs made at Flagstaff in the last 
decade has shown nothing attributable to rotational shift, but on the contrary 
appears to evidence that the planet turns very slowly 
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EXPLANATION OF PLATE III 


These ere actual photographs of Mare taken through a large telescope showing 
successive stages in the gradual decrease of the snow at the pole, and the darkening 
of the planet's tropics with the advance of Martian summer 

For the different photographs the Martian seasonal dates, corresponding to 
our calendar dates for the northern hemisphere of the earth, are. 

No 1, March 9 Here the south snow cap is mostly hidden in the antarctic 
night, but the latitude of the visible edge shows that the snow was approximately 
3,800 miles in breadth 

No 2, May 11 Hera the cap is much reduced in sue and the dark areas in 
the tropics are beginning to strengthen 

No 3, May 29 Snow cap is much further reduced in else and the central 
dark areas have correspondingly increased in intensity 

No 4, June 23 The snow cap here is but a few degrees across, and the dark 
blue-green band Is very strong* 

No 5, July 31 The polar cap is small, and the tropical band has developed 
its maximum intensity 

No 9, August 21, The polar snow Is nearing its normal minimum, being 
only about 190 miles in diameter The tropical dark band is still intense but a 
little less so than it was at the end of Martian July 

Note that as Martian summer advanced, and the tropics darkened, the polar 
regions and higher latitude grew a little lighter m tone than they were in Martian 
spring 

This gradual darkening of certain regions of the planet in his summer season 
and their subsequent fading in wmter seems best explained by assuming that these 
dark areas are due to vegetation 
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EXPLANATION OF PLATE IV 
Mabs and its Canals 

Sept 7,1024 Sept. 10, 1024 

Sept 11, 1924 Sept 0, 1024 

(Trumpler) (Slipher) 

Drawings of Mars by two observers working independently at two different 
observatories Hie drawings at the left are by Dr Trumpler made with the 
great 30-in refractor of the Lick Observatory, and those at the right are by the 
author with the 24-m refractor of the Lowell Observatory The observations 
agree in ail essentials and confirm the existence of the canals 

The detached spot of snow seen to the loft of, and below, the main cap is 
known aa the Mountains of Mitchell, discovered in 1845, and marks a definite 
milestone in the summer melting of the cap, having been observed there on the 
same date each Martian summer favorable for itB detection since its discovery 
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EXPLANATION OF PLATE V 
Gbkat Stobm ok Mam * 

Photographs displaying the life history of an unparalleled storm over the 
Martian tropics (bright area near center of disk) on July 9-12,1922. Area about 
400,000 square miles 

Both the visual and photographic observations so dearly revealed the atmos¬ 
pheric nature of this bright area as to leave so doubt that it was Martian douda 
passing over the surface of the planet The row of images at the left side are 
drawings from independent visual observations, and at the right are photographs 
made on corresponding dates as follows 

Fio 1 Drawing July 8, displaying the normal aspect of Mam the night 
before the storm 

Fig 2 Photograph June 6, showing nothing unusual present there on that 

date 

Fig 3 Drawing July 9, displaying the storm in the form of a large bright 
spot which blotted out the true surface of the planet 

Fig 4, Photograph July 9, showing the storm area on the night of its first 
appearance It will be noted that the cloud area is nearly as bright as are the 
polar caps 

Fig 5 Photograph July 9, taken through a blue color-filter with the 42-inch 
reflector by Dr Lampland This violet light photograph does not show the cloud 
area any blighter than the rest of the planet’s disk, because of the strong yellowish 
tint of such Martian clouds and because of the Martian atmosphere correspond¬ 
ingly reflected so much blue light as to level out the whole disk of the planet 
Note how much larger and brighter the polar oaps appear in the blue than fin the 
yellow filter photograph 

Fio 6 Drawing July 10, displaying marked change in the form of the storm 
area and revealing that it was drifting downward toward the north pole 

Fig 7 Photograph July 10 confirming the change depicted m the drawing 
of this date. 

Fig 8 Drawing July 12, showing feebly the remnant of the storm to the 
nght of and below where it first appeared 

Fio 9 Photograph July 12, displaying the last vestige of the subsiding 
storm 

This is the most remarkable midday storm ever recorded on Mars By its 
movement over the Mhrtian surface and its general behavior It revealed its doud- 
like nature, and gave objective proof of the existence of an atmosphere about Mare. 
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EXPLANATION OF PLATE VI 
Mass 

Direct photographs of the planet illustrating Various degrees of clearness, of 
cloudiness, and of general opaqueness of the Martian sky in 1037 

These photographs are intended to illustrate various atmospheric phenomena 
on Mars, such as the usual great opacity of his air to blue and violet light, and 
examples of blue white and of “dark clouds ” Such atmospheric phenomena on 
a planet are best revealed by comparing photograplis secured through red or 
yellow light filters which cut out the atmospheric haze, and photographs through 
blue or violet filters which obviously will register the maximum effect of a planet’s 
atmosphere The photographs below reveal some interesting effects of the Mar¬ 
tian air 

Fiqh ], 2, 3, and 4 This group of photographs portray one of the most 
romatkable cases of clearing up of the Martian air over observed All four 
photographs worn taken in 1037 and are of the same face of Mars as that shown 
by the red light photograph in Fig 1, made on May 20 Figure 2 is a blue light 
photograph taken on April 20 when the Martian air was so opaque to the short 
wave-lengths that not enough got through to reveal any trace of the true surface 
markings However, in the blue photograph, Fig 3, taken May 20 his air was 
so transparent to these same wave-lengths of light as to reveal the actual surf a* c 
markings with amaaing distinctness Later, however, m June the Martian air 
again became opaque and no trace of the actual body of Mars is recorded in the 
blue light photograph in Fig 4, token on Juno 24 

This example clearly demonstrates that the groat difference between red and 
blue photos of Mars is produced by his atmosphere, and further evidences how 
great is the scattering power of the Martian air at one tune and how small it ma\ 
bo at another Comparing the atmospheric effects in such photographs of Mars 
with tcrrcstial landscape photographed likewise through different path lengths of 
our atmosphere at Flagstaff leads to the conclusion that the opacity of the Martian 
air is generally about twice that of our own atmosphere 

Floe 5 and 6 Here are shown two photographs of the planet made on May 
13, 1937, the one at the left through a yellow color-filter and the one at the right 
with blue light The blue photograph denotes by the extensive white areas over 
the right-hand portion of the disk that the forenoon sky of Mars was extremely 
hazy, while the showing through of his actual surface features toward the left 
side betokens that his afternoon sky war unusually clear 

Froa 7 and 8 This pair of photographs (Fig 7 in yellow and Fig 8 in blue 
light) taken on June 1, 1937, display the amazing effect of the Martian air in 
producing “dark clouds " It will be seen that the large dark areas revealed by 
the blue photograph do not belong to the body of the planet as the yellow image 
discloses, but were caused by the planet’s atmosphere Photographs made on 
other dates before and after this one revealed the temporary character of these 
dark areas and indicated their atmospheric origin 

Mars 1937 


May 20, Red 
May 20, Blue 


April 20, Blue 
June 24, Blue 
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EXPLANATION OF PLATE VII 

Saturn 

From 1900 to 1037 

Representative photographs displaying various aspects of the ball and ring 
system 

These views are a few examples from the photographic record of Saturn 
secured at the Lowoll Observatory during the last 28 years, they show the planet 
as seen in a powerful teletype magnifying about 1,000 times, thus each image 
embraces an area approximately 125 times that of the Moon as seen with the 
naked eye 

It will be noticed tliat the planet displays parallel belts resembling those 
of Jupiter These belts, like their counterpart on Jupiter, are variable as to 
position, form, and intensity as may be seen m the photographs 

Fig 1 Photograph taken November 4, 1000, displaying the upper hemi¬ 
sphere as quite uniformly dark and nearly beltleaa Note the shadows of the ball 
upon the rings right side, and of the nngs on the ball below 

Fig 2 Photograph made February 11, 1016, which shows the upper hemi¬ 
sphere not as dark as m 1000, but distinctly belted It will be seen that the ball 
shines through Cassini's division and the outer nng evidencing how sparse the ring 
particles are Note the dark sash across the ball Jong the Upper edge of the rings, 
which is due to its inner Crepe ring—seen against the ball 

Fig 3 Photograph September 18, 1034, displays the northern hemisphere 
of the planet and the northern face of the rings Especially noteworthy is the 
strength of the dark north tropical belt hero, It being the most prominent dork 
belt observed on Saturn since 1004, and closely resembles the strong tropical belts 
common to Jupiter 

Fig 4. In this photograph made July 20,1036, we see the ring system turned 
edgewise to us In this position the rings become extremely narrow and faint, 
so faint that they show only feebly in a normal photograph Against the ball of 
Saturn the projected nngs and their shadow appear quite dark 

Figs 6 and 6 The excessive faintness of the rings In Fig 5, July 16,1037, 
was due to the Earth being higher above the ring plane than was the sun, thus 
allowing us to nee effect of one particle of the ring system shadowing the next 
behind it and so on, so as to cause a fainter surface of the rings than would other¬ 
wise obtain for the same tilt of the ring system Whereas in Fig. 6, October 1, 
1037, the reverse is true, the sun is higher than the Earth above the rings, and all 
the visible surface is fully illuminated and the rings are far brighter This offero 
visible evidence again of the already known meteoric constitution of his rings 
whidi was proved mathematically by Maxwell and later spectroscopically revealed 

(Photograph number one by Dr Percival Lowell, the others by the author.) 
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EXPLANATION OF PLATE VIII 


The Great White Spot of Saturn in 1933 
Drawing August 7, 1933 
Photograph August 9,1933 


This outburst proved to be the most phenomenal feature recorded on Saturn 
in more than fifty years The spot appeared very suddonly between August 2 
and 3, 1933, as an exceedingly brilliant white spot of ellipttoal form And about 
12,000 miles long, subsequently developing m a forward direction (to the left) 
until by September 11 it was fully 50,000 miles long, after which it faded to in¬ 
visibility by early October Meanwhile some eighteen other similar white spots, 
but smaller and more temporary, appeared in different longitudes in line around 
the planet only to subside even more quickly than did this major Bpot Tuning the 
transits of the main spot and one other during 211 revolutions of the planet gave 
a rotation period of lOh 14m 24 2s for Saturn, agreeing closely with the period of 
10b 14m 23 8s derived by Asaph Hall from a similar great white spot in December, 
1870 
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EXPLANATION OF PLATE TX 

JuPXTEB 

September 29, 1028 October 6, 1028 

The two photographs at the top illustrate the wide variety, and great com¬ 
plexity of detail over his surface other than the usual parallel belts 

September 14, 1928 November 30, 1928 

The two photographs at the bottom illustrate the rapid changes which some¬ 
times sweep over the planet These two photographs are of the same face of the 
planet taken two and one-half months apart and display the great transformation 
of the equatorial and south tropical aones The great bnght sone displayed by the 
left-hand photograph has become darkened in the second example by clouds of 
some dark material which has invaded much of the equatorial sone also The 
Great Red spot, the dark oval seen near the left aide of the first photograph is in¬ 
conspicuous amidst its dark surroundings in the second photograph The mobile 
character of his markings is manifested by the way spots and belts in one latitude 
flow past those in another latitude, those nearest the equator generally moving 
more rapidly tlian the spots m higher latitudes 

Jupiter, 1928 


September 23 
September 14 


October 6 
November 30 
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EXPLANATION OF PLATK X 

JuvrnsR (1900-1937) 

In these few example of photographs of Jupiter, which are representative 
of the more than one-hundred thousand secured at Flagstaff during the last thirty 
years, it ih intended to illustrate how the planet looked at different times, reveal 
some more or Ichh typiral i hanges, and display shine interesting Jovian phenomena 
Fig l A photograph of Jupiter with a yellow color filter taken April 27, 
1909, which displays the intricate structure of the surface and at the same time 
evidences something of the quality of the early photographs 

Fig 2 Photographs taken in the same light as Fig 1 on July 29, 1936, 
portraying a marked alteration in the belts 

Fig 3 A photograph made September 23, 1914, which, besides displaying 
m great detail tho precise appearance of the planet with a queer tow of port-hole 
mai kings along the dark north tropical belt, records a total solar eclipse in progress 
there The eclipse shadow of satellite III is conspicuous to the right of the conter 
of the disk, w tide, tht image of the satellite itself may he faintly discerned against 
the sk> bin kground at the extreme left of the cut 

Fig 4 This photograph made November 23, 1928, displays the planet 
when in u highly disturbed state as shown by tho intense bright and dark markings 
w Inch give a broken and disrupted appeurance to the south tropical ssone It is 
obvious here that the darkest sjiots are of very low albedo as compared to the 
bnghter regions w hu h suggests the wide diversity m the state of the material com¬ 
posing the vtflibh surf at e 

Figs 5 and 0 These photographs taken in yellow light on February 11, 
1930, and on June 10, 1936, respectively, show the oval-shaped Great Red Spot 
a little above and to the right of the renter of the disk in both iohos These 
comparable photographs illustrate the remarkable clianges this spot, the most 
permanent marking on the planet, undergoes from time to time In tho first 
example the Red Spot was very white and is here shown as the brightest part of the 
disk, while in the second (one it was dark red and stands out as one of the darkest 
parts of the disk 
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EXPLANATION OF PLATE X a 

Figs 7, 8, and 9 This set of three photographs was taken within a few 
minutes of one another on June 14, 1987, m yellow, deep red, and blue light 
They reveal the transparent nature of the Jovian atmosphere above the belted 
surface, and the dominant influence of color in modifying the appearance of the 
planet in photographs from light of widely separated regions of the spectrum The 
great transparency of his atmosphere above the belts is denoted by the belts 
showing clear to the edge of the blue photograph The effect of color is disclosed 
by the difference between the red and blue photograph especially noticeable in 
the Red Spot where the intense redness causes it to turn dark by blue light, but 
nearly as bright as the rest of the disk m red light Thus, such color-filter photo¬ 
graphs, taken practically sjnchromously through different color filters, exhibit 
rather large differences in the appearance of the markings according to the filter 
used because of the color reactions of the van-colored markings themselves (i e 
reds photographing as bright through the red filter and as black through the blue, 
etc ) and not by any obscuring influence of the overlying atmosphere, as some 
investigators have thought to be the case 
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